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Recent Progress of Electric Conductive Metal-Organic Frameworks
Thin Film
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Abstract  Electric conductive metal-organic frameworks (EC-MOFs) are a family of novel solid conductive materials with
both conductivity and porosity. They have a wide of researches in the field of electricity, such as fuel cells, electrocatalysis,
supercapacitors, thermoelectrics and sensors. Since the EC-MOFs are difficult to process into a film, which hinders their
further development in electronic devices, so, the research on EC-MOFs film and their electrical properties have attracted
much attention in recent years. In this review, the latest research progress of EC-MOFs film is summarized including the
preparation methods of EC-MOFs film and their applications in the field of electricity. Finally, the opportunities and chal-
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lenges of future development for EC-MOFs film are briefly presented.

Keywords electric conductive metal-organic frameworks; thin film preparation; electrical applications
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Figure 1 Preparation methods and application fields of EC-MOFs thin
films in this review
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Figure 2 Timeline of important events in EC-MOFs thin film prepara-
tion
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Figure 3 (a) Schematic diagram of the layer-by-layer self-assembly
liquid phase epitaxy spray method to fabricate Cu;(HHTP), thin films,
adapted from the literature [44]; (b) schematic diagram of the lay-
er-by-layer self-assembled liquid phase epitaxy immersion method to
fabricate Cus(HHTP), thin films, adapted from the literature [46]; (c)
schematic diagram of layer-by-layer self-assembled liquid phase epitaxy
immersion method to fabricate Cu;(HHTP), thin films on 3D substrates,
adapted from the literature [48]
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Figure 4 (a) Schematic diagram of the liquid-liquid interfacial method
to fabricate Cu-CAT thin films, (b) photograph of the Cu-CAT film
formed at the interface between organic solution and aqueous solution,
adapted from the literature [54]; Formation of the Ag;BHT, thin film by
liquid—liquid interfacial method, (c) beginning of the reaction, (d) the
formation of the thin film, adapted from the literature [55]
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Figure 5 (a) Schematic diagram of the gas-liquid interfacial method to
fabricate Ni;(HITP), thin films, adapted from the literature [59];
(b) schematic diagram of the gas-liquid interfacial method to fabricate
Cu,[PcM-Og] thin films, adapted from the literature [61]
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Bl 6 (a)ZR7BhiL L H 4 NiPc-CoTAA M /RE I, St H STk
[66]; (b) &4 Ih s Heidi il 4 Nis(HITP), MR E B, 54 H SCHR[67]
Figure 6 (a) Schematic diagram of the steam assisted conversion
method to fabricate NiPc-CoTAA thin films, adapted from the literature

[66]; (b) schematic diagram of the steam assisted conversion method to
fabricate Ni;(HITP), thin films, adapted from the literature [67]
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25 Hfthigik
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FRHAR A Cu®T e BE, 7E FH AR A 358 IS I 20 2 %
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B7 () LA Cus(HHTP), SRR K, i H SCHR70];
(b) “Face-to-Face confinement™VZ: | & EC-MOF s & &, s B 3¢
BR[71]

Figure 7 (a) Schematic diagram of the electrochemical process to fab-
ricate Cu;(HHTP), thin films, adapted from the literature [70]; (b) sche-

matic diagram of the Face-to-Face confinement method to fabricate
EC-MOF thin films, adapted from the literature [71]
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Figure 8 SEM of Cuy(HHTP), thin film prepared via LbL method on

(a) 2D substrate, adapted from the literature [44]; (b) 3D substrate,
adapted from the literature [48]; (c) HR-TEM of Cu;(HHTP), thin film

[54]; (d) SEM of Cu;(HHTP), thin film prepared by electrochemical
method, adapted from the literature [70]
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129%). moEFEPE(12 MERAAAAERE DL ). s
Y W 7 T8 P32 (i S BSF ) 1.36 min) A0 R 4 F A& E (3 N H
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7 MOF-on-MOF X2 AR KA, 7R T 17Xt
RS B N, i 9(c), 9(d), (e, BT
Cu-TCPP 4> T /E FH, Cu-HHTP X A& S ik 5
PERR$Em, FE 7 EC-MOF & R 5.
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I Cu-HITP YK, FR5 AR A 2 ) 2 R 1
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AR K — TR bk 5 2 AL S LB DA % F2 - A 43 7 2 ) B Ak
HAH ELAE F v R 58 A1 BSRAE, X0 T BRAR AR 5 40—
—VEREZ MO8 BRI — IR AR BB R B 0 L 2
1. B RFEAROR AP R EC-MOFs [ HRIE K J&,
BATRAGIEA AWK K, B2 FAT— & fe % 7 i
EC-MOFs S B Bt v i (103X — B K.
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AL A B YR AR TR RSB i [
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Figure 9 (a) The response-recovery curve of Cus(HHTP), thin films toward NH; with different concentrations; (b) the column chart of responses toward
different VOCs of Cuy(HHTP),, adapted from the literature [44]; (c) a response comparison of Cu-HHTP-yC (y=10, 20, 30, 40, 50, represents number of
growth cycles for Cu-HHTP films) towards NH; and benzene vapor; (d) a response comparison of Cu-TCPP-xC-on-Cu-HHTP-20C (x=0, 5, 10, 15, 20,
represents number of transfer cycles for Cu-TCPP films) towards NH; and benzene vapor; (e) selective change, adapted from the literature [82]; (f) I-V
curves of Schottky devices; (g) response-recovery curves of Ag/Cus(HITP),/n-Si/Al Schottky device toward 17.38~69.53 mg/m® NHs; (h) re-
sponse-recovery curves of Ag/Cu;(HITP),/n-Si/Al Schottky device toward different gases, adapted from the literature [45]

%1[] E‘] f ?29%‘]3‘5[83'84]. EC-MOFs izﬁ%ﬁ E_LJ‘ E/‘J é]"]ikg} LE‘J‘ a Reference electrode
FL A b A1 S R YD 5 ) 0 o (i s 1 LU SR T AR K
VAL AL AL RS L) A A R AR A AR T

FHCE G50, i, AR WA T .
RIS R, WEO0DEUAIF] Cu-BHT (&R electrode
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FHrEES1. IREraE M EDL M. =2 R Figure 10 (a) _Schemat.ic and photograph of preparation process of the
WA TS 10: NI THBLE, T R e T (S
Co3(HOB), %Hﬁ E':l ] ﬁﬁﬁ%u;%%m %iz’ i} C02+’ﬂ5 H,0,. Adapted from the literature [87]
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B 11 (a) Ni;(HITP)/ITO/PET HLHK |7~ & &]; Nis(HITP), #E 1 (b) 40 #F SEM K (c) AFM [El; Nis(HITP),-30 IR AE(d) AN FHE N CV i Zk;
()[Rl HLIRL 25 2 T 1K) GCD 4% (DA 25 B o 25 AR AL T 2R, 5 L SCHR[94]

Figure 11 (a) Schematic illustration of the preparation process of Ni(HITP),/ITO/PET electrode; (b) high magnification SEM; (c) AFM images of
Ni;(HITP), thin film; (d) CV curves measured at different scan rates; (¢) GCD curves measured at different current densities; (f) variation of the areal ca-
pacitance versus current density obtained from the GCD curves of Ni;(HITP),-30 electrode. Adapted from the literature [94]
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B 12 Xf#K Cus(HHTP), FTSCs AL VERE: (a) Cus(HHTP),-15 FTCEs AIXSFK FTSCs Hi% 623 B 2 2162218 ), ) AR T cv
M2k, (o) ANFHFZE T GCD H1£8; (d) 70 pAecm 2 L T IIEER 1 BE G B 43 12 55 — IR IG R FI SR 3000 IRIEHA 1) GCD HiZR); (e) AN [[2
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Figure 12 The electrochemical performance of symmetrical Cus(HHTP), FTSCs: (a) optical transmittance of Cu;(HHTP),-15 FTCEs and symmetrical
FTSCs (Inset: optical image of the bent device); (b) CV curves measured at different scan rates; (c) GCD curves measured at different current densities;
(d) cycling performance measured at the current density of 70 pAscm 2 (Inset: GCD curves at 1st and 3000th cycles); (e) capacitance retention at different
bending angles (Inset: CV curves in different bent states); (f) cycling performance measured at the bending angle of 60° (Inset: GCD curves at 1st and

1800th cycles). Adapted from the literature [95]

S8 J5 2 ¥ (Oxygen reduction reaction, ORR): #R%}
L b R T P AN S S 9 R 6 0 T B . LA A 7R TT
A REIR R R R i — AN E 53, BT, ORR i f2
o R AR AR AR SR P oo R (A
FEIX BTN 55t Fae M = S s S SR 1 T EA
FEARAL R A P RIS 5 Ml Ab R FH 991001, 3 4E 5K, EC-
MOFs g iF B & — 2 B ) s AR 5 &8 ORR
FLAE AL 7). 2016 4F, Dinca S5 110106 22 AL ¥ Nis(HITP), i
(EFE~120 nm) B A KAEBB AR TIEA ORR K
LR ELHEAL R, Nis(HITP), [ HL 3 % 4 40 Secm !, BET
Eb 2% T AR AT 35 (629.9 £0.7) mPeg ™. HL Ak 23R % 1
Niz;(HITP), i AE 0.1 mol/L KOH ¥k B AL 1
ORR JEPEGEEAG AL 0.82 V, 1L HLFA 0.18 V)FI R IT ) Fa
SEVE, WP 13 Bis. BfJG, 1% ARTER] I S2 e A S
MEEA TS T O BRI, 2R KR, 5 K2
Ok P &)@ KINE BT A FIZ, Nis(HITP), S b
PR REET & B, MRiE TRy, X —45 R
NIZFEMEHE ORR A EAEHMIBOER, WK
AR . SRR AR E MR T AT RENE.

M4 ) . (Oxygen evolution reaction, OER): #% J
NLE I i B YA AT P AR BRIR R A (W HRK, & BT
LIt A5 ) B G AR L A U010 — Rk,
PERER) OER HLAEAL IR B 4% LU NRe s A& /R 1
BBy EVEST SR PRV PGE . R k.
ok, HAG KA L ILEE M ARAAE BT 5 B 1) v o
EC-MOFs ¥ fI5 51 & it Fe # AT 2 RIE.
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B 13 (a) Ni;(HITP), i) 4 )2 IR 45 44; (b) Nis(HITP), 8 A1 25 (5 B
R M AE No A Oy SR P IARAL I 22, 25 SCHR[101]

Figure 13  (a) Perspective view of the two-dimensional layered structure
of Ni3(HITP),; (b) polarization curves of Ni;(HITP), under N, (green)
versus O, atmosphere (red) as well as of the blank glassy carbon electrode
under N, versus O, atmosphere (blue and purple, respectively). Adapted
from the literature [101]
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1M 7 VA& ) OER HLfEAL T ——HRERE 3 2D T
MOF # &L JIFRTE FTO T H K 11 NiPc-MOF {# i
KB FR OER MEALIE M AE %K AL 4 A7
(<1.48 V, I HH<0.25 V); 1B =847 5T &35 T
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Figure 14 (a) Line profiles corresponding to the inset AFM topography
images of a single-layer Co;(HHTP), nanosheet; (b) Tafel plots corre-
sponding to different-layer Co;(HHTP), LB nanosheet; (¢c) LSV curves of
4-layer Co3;(HHTP), nanosheets and RuO,; (d) time dependence of the
current density at 1.7 V of 4-layer Co;(HHTP), nanosheets (the inset is
the enlargement of (d) from 9700 to 9860 s). Adapted from the literature
[104]
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Figure 15 (a) The crystal structure of [Co3(BHT),]*” and [Cos(THT),]*"; (b) polarization curves of MOS1 (red) and MOS2 (blue) in pH=1.3 H,SO,
solution (scan rate: 100 mV/s); adapted from the literature [110]. (c) Schematic diagram to fabricate THTNIi thin films; (d) HER polarization plots of the
THTNi 2DSP (2D supramolecular polymer) sheet and blank glassy carbon disk electrode in 0.5 mol/L H,SOj4 (the inset shows the corresponding Tafel

plot). Adapted from the literature [111]
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Figure 16 (a) Schematic diagram; (b) transfer curve of Ni;HAB, thin
film FET device; adapted from the literature [114]. (c) Schematic dia-
gram; (d) transfer curve of Ni;(HITP), thin film FET device; adapted
from the literature [59]; (e) Schematic diagram of liquid-gate Ni;(HITP),
thin film FET device; (f) Is—V,s plots (Vo= —0.1 V) of the Ni-MOF FET
exposed to gluconic acid from 10 ¢ to 10 * g/mL. adapted from the liter-
ature [115]
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Figure 17 The 2D EC-MOF-based vertical OSVs with (a) schematic
diagram; (b) SEM image of the cross section; (c) magnetic hysteresis
loops; (d) the MR loop for the LSMO/Cu;(HHTP), (100 nm)/Co OSVs at
10 K; (e) temperature dependence of the MR value. Adapted from the
literature [46]
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Figure 18 (a) Schematics diagram of human brain memory and synaptic
structure; (b) schematics diagram of the MOF-based artificial synaptic
device; (¢) APSC of MOF-artificial synaptic device array stimulated by
radiation light with different wavelengths; (d) the APSC of MOF-artificial
synaptic device stimulated by a 420 nm wavelength light spike (V4=1 V
and V=0 V); (e) the variation of APSC continuously stimulated by 420
nm wavelength light spike. Adapted from the literature [60]
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Table 1 List of partial EC-MOFs thin film with name, synthetic methods, conductivities, and applications
EC-MOF i#Jji AR i HL S5 /(Seem ™) LA SR
Cu;(HHTP), IEYEYEE RS 0.02 ALK [44]
Cu;(HITP), IR EE RS 0.2 ALK [45]
Cuy(HHTP), | AIEE S 0.29 ANLETER [46]
3D E:JiK Cus(HHTP), A RS ARG IR [48]
Cu-CAT - S 10 [54]
Ag:BHT, 363
AWBHT, TR 103 [55]
THTA-Co TR ST HifH(HER) [56]
Ni;(HITP), AL 40 FET [59]
Cu-THPP S-S N L fih [60]
Cuy[PcM-05] (M=Cu E{ Fe) AL 5.6X10* [61]
NiPc-CoTAA ZRVR B 4 6.67X1073 ARG IR [66]
Niz(HITP), R B 4k 22.83 (92 nm) [67]
Cu-BHT JERES AR [68]
Cu;(HITP), R0 ca. 0.087 [70]
Cu,(TCPP) Face-to-Face confinement ca. 0.007 HHF [71]
M;(HHTP),
(M= Ca. Co D) Face-to-Face confinement [71]
Niz(HITP), R STENE L LA A [94]
Cu;(HHTP), EEHHSE 0.11 B AR [95]
Niy(HITP), TR P 40 HLf#(ORR) [101]
Co3(HHTP), LB 4i& )22 HA % HLf#(OER) [104]
THTNi RSN HifH(HER) [111]
Cu-BHT AL 1580 FET [113]
Ni;HAB, W TS FET [114]
(4)%T EC-MOF 8 I i) 4= KWL BRI 50 27 I AL 7E 25 FDIR VEZ A

A, XFBEA L FEA R AR R R R EK S
2, NE ISR GG . R, S HrEERR
LK. 78 F2E RN AU 5 T (1) EC-MOF (A
N EE AR (U AR RS . AL SR A B TG AR
HLERA BA R B PRI RR KA e RITE R, XK
R — k& EC-MOF w7t 2 . (2)
P2 Ra e AR S BRI EC-MOF 8 s 7 [ Sz o b7 P (1)
HERERZ —, 0 E R TR IR A 2 R
PR A EAN LN EHE FE R A8, (3) EC-MOF {# i AE
A3 LR A R B ARG R — P iR e, T HAR 2 481
W R H RTATIARTE SRR, kLS PERE 2 TF] 1A 3L
KAMAGHG R, FEELREA, R, IHHEL
HARAW RRAEELES, IEAANEEK, EC-MOFs
TS T 9 A R A B K S o B — AR T e AL L
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