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ABSTRACT

ARTICLE HISTORY

The disordered arrangement and thereof inferior conductivity of 2D MOF sheets seriously hinder
their practical application. Herein, we propose in situ transformation strategy to architect vertically
oriented bimetallic CuNi-MOF as a self-supporting electrode, leading to a decuple high specific
capacitance of 1262 Cg~" in comparison with the pristine Ni-MOF powder of 114Cg~' at 2Ag~".
DFT calculations reveal that introduction of Cu can modulate the electronic structure of metal cen-
ters in the Ni-MOF sheets and optimize electrical conductivity. Our strategy is promising to maximize
the utilization of MOF superiorities for optimizing their electrochemical performance.

IMPACT STATEMENT
We provide an in situ transformation strategy for synthesizing high-activity oriented bimetallic
MOFs derived from vertically oriented Cu(OH), nanowires, with which an order of magnitude of
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performance-improved electrodes were produced for pseudocapacitance.

1. Introduction

Two-dimensional metal-organic frameworks (2D MOFs)
have attracted wide attention for supercapacitors due
to their unique structural characteristics such as large
specific surface area, adjustable pore structure and com-
position [1-4]. Especially, under the premise of main-
taining excellent power density, it can achieve high
capacity and considerable energy density, compared with
bulk MOFs [5-8]. It can store charge either by electro-
static absorption/desorption on the surface/subsurface
through the electric double-layer energy storage mech-
anism or the redox reaction of metal centers [9-14].
However, the insulation properties of pools of MOFs have
seriously hindered their practical application in electro-
chemical energy storage [15].

Although the use of carbon nanotubes [16], graphene
[17-19] and other conductive carbon [20] composites is
a common method to compensate for the poor conduc-
tivity of MOFs, the challenges remain as the usually ran-
dom distribution affects the exposure of active sites and

the relatively weak carbon/MOF interaction reduces the
exploiting of MOFs. The design of integrated electrodes
with an oriented structure enables a sufficient utilization
of active materials and enhances the binding force with
the substrate to reduce contact resistance. Another effec-
tive method is to directly synthesize conductive MOFs
[21-23]. However, the cost of their preparation is quite
high. Doping enables regulating carrier migration effec-
tively and induces more electroactive sites [24,25]. There-
fore, heteroatomic doping is an efficient compromise to
improve the electrical conductivity and enrich the redox
chemistry of materials by manipulating the electronic
state of MOF electrode materials [26,27].

Herein, stimulated by the well-known in situ phase
transformation phenomena, we proposed a new strat-
egy for reversing the inferior conductivity and upgrading
the electrochemical performance of MOFs by fabricating
oriented bimetallic 2D MOF integrated electrodes using
vertically oriented Cu(OH), nanowires as a precursor.
The Cu(OH); acts as a structural guide agent to induce
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self-assembly of the targeting products to form oriented
structures. The nickel ions in the pristine Ni-MOF crys-
tal have been partly substituted by the isostructurally
introduced Cu ions. It can not only enhance the elec-
trode/substrate interaction and reduce the ion/electron
transfer limit effectively but also accelerate the electro-
chemical reaction kinetics. Moreover, we reveal the reg-
ulation behavior of heterogeneous metal atoms on the
electronic structure by DFT calculation. Consequently,
the fabricated CuNi-MOF/CF (copper foam) electrode
exhibits an order of magnitude of performance improve-
ment due to the regularly oriented morphology and
the modulated conductivity by introducing Cu® to the
Ni-MOF matrix. It can achieve an ultrahigh specific
capacity of 1262Cg~! in comparison with the pristine
Ni-MOF powder of 114Cg~! at 2 A g~!. Furthermore,
the assembled asymmetric supercapacitor (ASC) device
CuNi-MOF/CF//AC (activated carbon) has a high oper-
ated voltage window of 1.7V, maximum energy den-
sity of 20.31 Whkg~! and maximum power density of
10,200 W kg~!. This work enables fabricating the inte-
grated MOF-based electrodes easily and efficiently with
improved conductivity and enhanced electrochemical
performance via in situ phase transformation strategy.

2. Materials preparation

Figure 1(a) shows the process of preparing CuNi-
MOF/CF nanosheets. Firstly, Cu(OH), nanowire precur-
sors were in situ grown on the surface of copper foam by
the surface oxidation method. Morphology characteriza-
tion of Cu(OH); based on SEM and TEM was performed
(Figure S1). In an alkaline environment, the copper foam
substrate is oxidized to Cu?T ions via the (NHy4),S,03
oxidant, and NHj is released in the oxidation process to
form porous nanostructures. The Cu?* ions trap OH™,
nucleate and grow on the copper surface, and finally
obtain bright blue Cu(OH), nanowire arrays, as follows
[28,29]:

Cu + 4NaOH + (NHy),S,05 — Cu(OH), + 2Na,SO4
+ 2NHj 1 +2H,0

Secondly, Cu(OH),/CF was placed as a template and
precursor in a mixed solution containing terephthalic
acid and nickel chloride, and held at 120°C for 24h to
generate light green CuNi-MOF nanosheets. The syn-
thesis process can be explained by the mechanism of
solution recrystallization. Cu(OH); is an amphoteric
hydroxide that reacts with PTA molecules since one PTA
molecule has two carboxylic groups. In the presence of
NiCl,-6H,0, CuNi-MOF nanosheets were successfully
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Figure 1. (a) Schematic diagram of the preparation of CuNi-
MOF/CF, (b) SEM image with a local enlargement, (c) EDS elemen-
tal maps, (d) TEM and (e) HRTEM images of CuNi-MOF.

synthesized with the following reaction:

(3 — x)Ni** + xCu®" + 2(CgH404)*™ + 20H™
+ 6H,0 — [Ni3_,Cu,(OH),(CgH404); - (H20)4]
-2H,0

Compared with the coating method, the in situ growth
strategy has obvious advantages (Supporting Informa-
tion).

3. Results and discussion

The CuNi-MOF nanosheets with a thickness of
~100nm are uniformly covered on the copper foam
(Figure 1(b)). The oriented nanosheet structure can sig-
nificantly increase the effective specific surface area that
is accessible to the electrolyte ions, improve the reaction
kinetics, and expose more reaction sites toward higher
electrode capacity. C, O, Ni, and Cu are well distributed
in CuNi-MOF (Figure 1(c)). The atomic ratio of Cu:Ni is
~1:10 (Figure S2). Therefore, the contribution to capac-
itance is mainly controlled by nickel. The dispersed and
interlaced nanosheets were further confirmed by SEM
(Figure 1(b)) and TEM images (Figure 1(d)). The typi-
cal (100) crystal plane of CuNi-MOF was identified by
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HRTEM (Figure 1(e)). For the layered structure of CuNi-
MOF, the maximum exposure surface enables facilitating
both electron transport and ion diffusion.

All the main XRD peaks are indexed as Cu(OH),
(JCPDS no. 13-0420) [30] except for the copper foam
substrate marked by an asterisk (Figure 2(a)). The XRD
pattern of CuNi-MOF is similar to that of the Ni-MOF
powder synthesized by the same method without the
addition of Cu(OH),/CF precursor, in agreement with
the simulated pattern of [Niz(OH),(CgH404),.(H20)4].
2H,0 (CCDC no. 638866) [31], indicating that nickel
ions have been partly substituted by copper ions in the
pristine Ni-MOF crystal. Considering the disappearance
of the diffraction peak of Cu(OH),, the Cu(OH), pre-
cursor was successfully transformed into CuNi-MOE
Figure 2(b) shows the FT-IR spectra of Cu(OH),, Ni-
MOF and CuNi-MOF in the range of 4000-500 cm™".
For Cu(OH);, the absorption peak at 3566, 3295 cm™!
reflects OH™ vibration and 688 cm™~! can be attributed
to Cu-O [30], respectively. For Ni-MOF, the two absorp-
tion bands at 3607 and 3548 cm™! are caused by O-H
vibrations associated with hydroxyl groups and crystal
water [32,33]. For CuNi-MOF, the two strong absorption
zones at 1362, 1582 cm™ ! belong to the COO stretch-
ing mode, and ~820cm™! is caused by the bending
vibration outside the plane of C = C-H in the benzene
ring. In addition, the characteristic peaks of Cu(OH),
disappeared, confirming again that Cu(OH), was com-
pletely transformed into CuNi-MOEF. The crystal struc-
tures and molecular vibration information were further
confirmed by Raman (Figure S3). Interestingly, similar
Raman spectra of Ni-MOF and CuNi-MOF further con-
firm the isostructural phenomenon [33] consistent with
the XRD analysis. In other words, Cu(OH), not only
induces the oriented growth of MOFs but also provides
a copper source and participates in the formation of
CuNi-MOF which is isomorphic to Ni-MOE To analyze
the elemental composition of the surface and chemical
bonding states of the CuNi-MOF, X-ray photoelectron
spectroscopy (XPS) was carried out to demonstrate the
coexistence of Ni, Cu, O, and C elements (Figure 2(c)).
Compared with Ni-MOF, the Cu 2p spectra (Figure 2(d))
can be clearly detected in CuNi-MOF, which further ver-
ifies the successful incorporation of Cu atom into Ni-
MOE The Cu 2p peaks located at 933.7 and 954.2eV
correspond to the Cu 2p3/; and Cu 2p;j;, peaks of
Cu?", respectively [34]. The intensity of the weak peak
also indicates low content of Cu. The binding energy of
Ni 2p at 856.4 and 874.1eV is attributed to Ni* [35]
(Figure 2(e)). The peaks at 284.6, 285.6 and 288.5eV in
C 1s corresponded to C-C/C = C, C-O and O-C = O
functionalities (Figure 2(f)) [36], respectively, proving
the existence of PTA in the structure.

The electrochemical performance is tested in the form
of three electrodes. Figure 3(a) shows the cyclic voltam-
metry (CV) curves of Cu(OH),/CE Ni-MOF and CuNi-
MOF/CF electrodes at -0.2-0.7 V. Specifically, a pair of
redox peaks appear in Cu(OH),/CF (Figure S4) and
Ni-MOF (Figure S5), which are attributed to the Fara-
day reaction between Cu™/Cu?* and Ni2/Ni**, respec-
tively. The CV curves adopt the combined action of
the aforementioned two conditions for CuNi-MOF/CE
The highest current response and the largest area sur-
rounded by the CV curve reveal improved reactivity
and higher specific capacitance. The specific capaci-
tances of Cu(OH),/CEF, Ni-MOF and CuNi-MOF/CF
electrodes of galvanostatic charge-discharge (GCD) at
2A ,g_1 (Figure 3(b)) are 36, 114 and 1262 C g_l, respec-
tively, which further confirmed the feasibility and supe-
riority of our design. The contribution to the capaci-
tance of CuNi-MOF/CF mainly comes from nickel by
controlling experiment of response current of Ni-MOF
and Cu(OH),/CF. Besides, with the increase of scan-
ning rate, the CV curve maintained its original shape
and increased peak current (Figure 3(c)), i.e. its rapid
current response. The charge-discharge curves show
a distinct platform representing battery-type behavior,
which is consistent with the CV curve [37]. The gravi-
metric specific capacity of CuNi-MOF electrode was
further tested and delivered 1262, 1012, 864, 760, 700
and 512Cg~! at current densities of 2, 4, 6, 8, 10 and
16 A g~ !, respectively, superior to Cu(OH), and Ni-MOF
electrodes (Figure 3(d/e)). The areal specific capacity
of CuNi-MOF/CF can reach 3.9Ccm™2, and Ni-MOF
has only a tenth of that (0.38 C cm™?) at 2 Ag! (Table
S§1). Moreover, the electrochemical properties of the pre-
pared CuNi-MOF electrode also have significant com-
petitive advantages compared with other reported MOE-
based electrode materials (Table S2). The charge transfer
kinetics of electrode/electrolyte interface and the diffu-
sion of electrolyte were analyzed by EIS. Each Nyquist
diagram consists of a semicircle of the high-frequency
region and a straight line of the low-frequency region
(Figures 3(f) and S6) [38]. According to Table S3, the val-
ues of the internal resistance (R, 0.88 2) and the charge
transfer resistance (R, 0.29 2) of the CuNi-MOF elec-
trode are lower than those of Ni-MOF (Ry; = 1.42 €,
R¢t = 32.63 2), indicating that copper doping can signif-
icantly improve the conductivity of the Ni-MOF material
and reduce the ion/electron transfer limit. Figure S7 dis-
plays the Bode plots of CuNi-MOF/CF and Ni-MOF. At
the phase angle of —45°, the time constant(ty = 1/fy)
of CuNi-MOF/CF is 0.27 s, and it is 16.67 s for Ni-MOEF,
revealing that the former has a faster frequency response.
From Figure 3(g), the o values of CuNi-MOF and Ni-
MOF electrodes are 0.54 and 5.95, respectively. That is,
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Figure 2. (a) XRD patterns of Cu(OH),/CF and CuNi-MOF/CF, (b) FT-IR spectra of Cu(OH),/CF, Ni-MOF and CuNi-MOF/CF, (c) XPS survey
spectrum, (d) XPS Cu 2p spectrum, (e) XPS Ni 2p spectrum and (f) XPS C 1s spectrum of CuNi-MOF/CF.

the diffusion rate of OH™ in CuNi-MOF is higher than
that of Ni-MOE. The power law rule (i = av’) between
peak current (i) and scanning rate (v) based on the CV
curve reveals the charge storage mechanism and reac-
tion kinetics of the electrode [39]. The b values can be
determined by the slope of linear log(i)-log(v), where b
values of 0.5 and 1 represent the diffusion control behav-
ior and capacitance control behavior of the electrode
material in the energy storage process, respectively [40].
The corresponding b values of the anode/cathode peak
and cathode peak of the CuNi-MOF electrode are 0.52
and 0.5, respectively (Figure 3(h)), i.e. the charge storage
mechanism is dominated by the diffusion control pro-
cess. The coulomb efficiency of the CuNi-MOF/CF is
above 93% and the excellent capacitance retention rate
of the CuNi-MOF/CF electrode can still reach 82.97%,
compared with the initial specific capacitance after 3000

cyclesat 2 A g_1 (Figure 3(i)). After the stability test, the
CuNi-MOF/CF still maintains the oriented nanosheet
morphology (Figure S8), which indicates the structure of
CuNi-MOF/CF is very stable.

In order to understand the effect of copper dop-
ing on the electrochemical performance of MOFs, den-
sity function theory (DFT) calculations were conducted.
The structure models of Ni-MOF and CuNi-MOF are
listed in Figure S9. To clarify the electronic structure of
CuNi-MOF, the charge density difference was simulated.
From Figure 4(a), there is overt electron accumulation
around Ni and electron depletion around Cu, revealing
charge interaction between Cu and Ni. The calculation
band gap of NiCu-MOF is 0.50 eV while it is 0.86 eV
for Ni-MOF by density of states (DOS). It suggests that
the introduction of Cu changes the electronic struc-
ture, which improves electrical conductivity. Therefore,
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Figure 3. (a) CV curves at 10 mV s~1 and (b) GCD curves at 2 A g_1 of Cu(OH);, Ni-MOF and CuNi-MOF, (c) CV curves at different scan
rates and (d) GCD curves at different current densities of CuNi-MOF, (e) the specific capacity values, (f) comparison of Nyquist plots and
(9) Z plots against w~'/2 at the low-frequency region of EIS of the Ni-MOF and CuNi-MOF, (h) b value and (i) coulombic efficiency and

stability performance at 2 A g~ of CuNi-MOF.

copper doping can significantly enhance the conductivity
of Ni-MOF materials and promote charge transfer effi-
ciency, consistent with the experiment results.

The CuNi-MOF/CEF electrode has such excellent elec-
trochemical performance, reasonably due to the follow-
ing aspects: (1) The dispersed and interlaced nanosheets
with amounts of open spaces are conducive to elec-
trolyte infiltration. They shorten the ion diffusion dis-
tance, expose more active sites, promote the transfer
of electrolyte/ion diffusion, and thus reverse the slug-
gish surface reaction kinetics; (2) the in situ transfor-
mation results in good adhesion of electrode/substrate,
which effectively avoids the electrode peeling off; (3)
the introduction of copper ions can effectively improve
the conductivity of the original Ni-MOF, which is con-
ducive to the efficient and rapid transmission of elec-
trons. In addition, the synergistic interaction of Cu/Ni
ions is conducive to the activation of the electrochemical
reactivity of the electrode material, thus providing a high
capacity.

On the aforementioned exploration, an asymmetric
supercapacitor is fabricated by using the CuNi-MOF/CF
and AC as the cathode and anode, respectively. Figure S10
shows the electrochemical characterization of the AC
electrode, from which one can see that AC possesses good
electric double- layer capacitance characteristics (Sup-
porting information). Figure 5(a) shows the CV curves
with 1.7V operable voltage window. The CV curve is
free of obvious deformation at different scanning rates
from 5 to 40 mV s, demonstrating that the capacitor
has excellent rate capability. The curve is neither ideally
rectangular nor obvious redox peak, i.e. the total capaci-
tance is provided by both the CuNi-MOF /CF electrode
and AC electrode. Figure 5(b) shows the GCD curves
of CuNi-MOF/CF//AC. The symmetrical shape of all
GCD curves illustrates that the charge storage is well bal-
anced. As shown in Figure 5(c), the device exhibits a
maximum energy density of 20.31 Whkg~! and a maxi-
mum power density of 10,200 W kg1, significantly supe-
rior to those previous devices (Table S4). Furthermore,
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Figure 5. (a) CV, (b) GCD, (c) Ragone plot and (d) cycling performance of the CuNi-MOF/CF //AC device in 1 M KOH.

a remarkable stability performance (Figure 4(d)) shows
only 9.5% decay after 10,000 cycles at 2 A g~!. Thus,
our design strategy is promising for tapping the applica-
tion potential of MOF materials toward electrochemical
energy storage.

4. Conclusions

An in situ phase transformation strategy proposed to
design oriented CuNi-MOF with an order of magnitude
improved electrochemical performance. The main merit
lies in using vertically oriented Cu(OH); nanowire as

the precursor, where Cu(OH); not only provides a cop-
per source but also induces the oriented growth of the
CuNi-MOE. The introduction of copper improves con-
ductivity effectively and enhances the electrochemical
performance of 2D MOFs as well. In addition, the as-
fabricated CuNi-MOF/CF//AC device shows high energy
density and outstanding stability performance. This work
may pave the way for obtaining oriented electrode mate-
rials with excellent electrochemical performance through
in situ conversion between template and target MOF
products.
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