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1. Instrumentation

High resolution scanning electron microscopy (HRSEM): The morphology and structure of all 

samples was investigated via field-emission scanning electron microscopy (SEM, ZEISS 

1550VP). Samples were measured at 10 k eV acceleration voltage.

Transmission electron microscopy (TEM): TEM was performed on JEOL JEM-1300 under an 

accelerating voltage of 200 kV. 

Aberration-corrected high-resolution electron microscopy (AC-HRTEM): High 

resolution transmission electron microscopy was carried out using a Cs-corrected FEI 80-

300 TEM operated at 80 and 300 kV. The aqueous solution of the respective materials 

was drop-cast on holey carbon films and air-dried.

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed using 

monochromatized Al Kα radiation on a PHI Quantera SXM system. Peak fitting was done 

with the CasaXPS software using Shirley background subtraction and mixed Gaussian-

Lorentzian peak shapes.

FT-IR spectroscopy: FT-IR spectroscopy was performed on a Shimadzu FT-IR-8400S 

spectrometer. Samples were prepared as KBr pellets.

Thermogravimetric analysis (TGA): TGA was performed on a Setaram Setsys CS Evo, 30 - 

800 °C at 10 K/min, 50 mL/min N2, graphite crucible 0.5 mL.

Elemental Analysis was carried out on a CNH(S)-Analyser. Elementar Vario MICRO cube.

Cyclic Voltammetry (CV): CV measurements in oxygen evolution reaction were carried out on 

a CH Instruments CHI660E electrochemical workstation. And CV measurements in battery test 



were carried in a VMP3 potentiostat (Bio-Logic Science Instruments), with the voltage range of 

0.01-3.0 V.

Battery capacity and galvanostatic charging/discharging were measured on a Maccor 3000 

battery tester, with the voltage range of 0.01-3.0 V. 

Powder X-ray diffraction (Powder XRD) was collected on a Rigaku XRD-6000 diffractometer 

using Cu Kα radiation (λ = 0.154 nm). 

N2 sorption experiments were performed on an Quantachrome Autosorb-iQ. Data were 

analyzed using the Brunauer-Emmett-Teller (BET method).

General remarks: All chemicals were purchased from Sigma Aldrich, ABCR or VWR and were 

of reagent grade. The chemicals were used without further purification. 



2. Characterization

Figure S1. FT-IR spectra of TBA3{V10}, ZIF-67 and {V10}@ZIF-67.

The characteristic signals of TBA3{V10} are observed in the fingerprint region below 1000 cm-1. 

The bridging symmetric and asymmetric vibrations of V-O-V are observed at 585, 730, and 840 

cm-1, respectively. The strong IR band at 960 cm-1 is assigned to V-Oterminal stretching vibrations.1–3



Figure S2 TGA curves of ZIF-67, TBA3{V10} and {V10}@ZIF-67. Condition: N2 atmosphere, 10 

°C/min, graphite crucible 0.5 mL.



Figure S3. TEM images of a) pristine ZIF-67 pyrolyzed at 280 °C; b) {V10}@ZIF-67 pyrolyzed at 

280 °C; c) {V10}@ZIF-67 pyrolyzed at 400 °C; HRTEM images of d), e) CoVO/C ({V10}@ZIF-67 

pyrolyzed at 480 °C); and f) XPS survey spectrum of CoVO/C.
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Figure S4. Top: Powder XRD pattern of CoVO/C. The database entries for Co3V2O8 (JCPDS: 

16-0675) and CoV3O8 (JCPDS: 22-0598) are shown in red and blue. Bottom left: powder XRD 

data for the reference materials. Bottom right: powder XRD data for native ZIF-67 pyrolyzed in 

N2.

Powder XRD (pXRD) showed the presence of the two crystalline Co-V-oxide phases Co3V2O8 

(JCPDS card no. 16-0675) and CoV3O8 (JCPDS card no. 22-0598) in CoVO/C (Figure. S4). 

Specifically, the (110), (220), (311), (400), (511) and (440) lattice planes of Co3V2O8 as well as 

the (200), (211), (411), (303), (114) and (532) planes of CoV3O8 match well with the experimental 

pXRD pattern. 



Figure S5. XPS deconvoluted spectra of CoVO/C, a) C 1s, b) N 1s, c) O 1s, d) Co 2p and e) V 

2p.



Table S1. CHN elemental analysis of pristine ZIF-67 and {V10}@ZIF-67 

ZIF-67 (wt.-%) {V10}@ZIF-67 (wt.-%)

C 37.59 33.63

H 4.23 4.75

N 21.32 18.90

Table S2. XPS elemental composition of CoVO/C 

atom-% wt.-%

C 1s 51.3 33.8

N 1s 11.3 8.7

O 1s 25.9 22.7

V 2p 5.3 14.8

Co 2p 6.2 20.0

Figure S6 a) Nitrogen-sorption isotherm at 77 K of CoVO/C; b) Nitrogen-sorption isotherm at 77 

K of ZIF-67 pyrolyzed at 480 °C.



Figure S7. CV showing the first six cycles of CoVO/C-based electrode between 0.01 V and 3.0 

V (scan rate: 0.05 mV s-1).

Cyclic voltammetry (CV) curves of the first six cycles are shown in Figure S7. In the first cathodic 

sweep, a minor peak centered at ca. 1.73 V is observed which has previously been assigned to 

the Li+ insertion in CoV3O8.4 Further, two peaks at ca. 1.23 and 0.77 V are observed, which have 

previously been attributed to the transformation of Co3V2O8 to CoO and LiyV2O5, respectively.5,6 

The peak below 0.4 V is generally ascribed to the decomposition reaction of CoO to metallic Co 

and Li2O, and the Li-ion insertion into the carbon, as well as the formation of the solid-electrolyte 

interphase (SEI) layer.6–8 During the anodic scan, an oxidation peak is observed at ca. 1.17 V, 

indicating the extraction of Li+ from LixV3O7 and LiyV2O5 and the conversion of metallic Co to 

CoO.4,5 Furthermore, a broader peak at around 2.33 V could be associated with the extraction of 

Li+ from LiyV2O5.5 In the following cycling, only three distinct peaks at 1.1, 0.6 and < 0.3 V are 

observed, which are assigned to multi-step lithiation processes. In operando spectroscopic 

analyses are underway to gain more detailed insight into the active phases formed during 

electrochemical cycling. 



Figure S8. Ex situ (a) SEM and (b) TEM micrographs of CoVO/C after cycling (100 (dis-)charge 

cycles at 200 mA g-1 vs. lithium metal).



Figure S9. Potential profiles of CoVO/C at various current densities based on the rate capability 

test (Figure 2c, main text).

Figure S10. Rate capability test for CoVO/C anodes at various current rates (cycle 1 – 160) and 

long cycling galvanostatic measurement for CoVO/C anodes (cycle 161 - 2000).



Figure S11. Comparison of Li-ion storage rate capability of CoVO/C and related literature 

systems: Co3V2O8 sponge network,9 mesoporous Co3V2O8 nanoparticles,10 Co3V2O8 hollow 

nanofibers,11 Co3V2O8 multilayered nanosheets,6 Co3V2O8 hexagonal pyramid,12 Co3V2O8·nH2O,5 

Co3V2O8 microspheres,13 CoV3O8 nanorods.4



Table S3. Comparison of the battery performance of the different POM-based and cobalt 

vanadate-based LIB anode materials

Materials RC (mAh g-1) / maximum 
CD (mA g-1)

RC (mAh g-1)/ CD 
(mA g-1)

AMR (wt.%) Ref.

CoVO/C 
510/10,000

426/20,000
920/200 80 This work

[SiMo12]/MOF 370/1,000 570/100 70 14

[PMoV
8MoIV

4Zn4]-

based POMOF
250/1,000 600/100 70 15

[PW12Cu10]/MCF 298/1,000 553/100 70 16

[PMo12V2]-

ILs@MOFs
348/3,000 930/200 70 17

Co2V2O7 

microplatelets
344/5,000 813/200 70 18

Co3V2O8 nH2O 496/5,000 800/200 70 5

Co3V2O8 

nanosheets
300/10,000 880/200 70 6

Co3O4@Co3V2O8 578/5,000 916/200 70 19

[PW9Ni6]-based 

MOF
NA 350/400 65 20

[PMo12V2]-based 

MOF/rGO
428/2,000 846/200 70 21

POMOF: POM-based metal organic frameworks; 

MCF: metal-carbene frameworks; 

RC: Reversible capacity; 

AMR: Active material ratio; 

CD: Current density.



Table S4. Comparison of the OER performance of literature-known POM-MOF-based noble-

metal-free catalysts

Catalyst Loading 
density 

(mg/cm2)

Onset 
potential (V)

Overpotential 
(mV) at 10 mA 

cm-2

Tafel slope
(mV dec-1)

Ref.

CoVO/C 0.3 1.5 350 75 This work

POM@ZIF-8 ~0.6 --
784 (at 1 mA cm-

2, neutral pH)
784 22

MoxCoxC 

particles
~0.7 1.5 295 35 23

Co3O4/CoMoO4 ~0.25 1.47 318 63 24

NiCoP/C ~0.25 1.48 330 96 25

Co3O4/NiCo2O4 

cages
1.0 1.53 340 88 26

Co3ZnC/Co@CN ~0.34 1.5 366 81 27

NCNTFs 0.2 1.47 370 93 28

Ni-Co mixed 

oxide cages
-- 1.56 380 50 29

Co@NCNT ~0.42 1.58 429 116 30

CoMoO4 ~0.24 1.6 410 84 31

Co3O4 ~0.14 1.52 400 72 32

CoV2O6-

V2O5/NRGO-1
~0.14 -- 239 50 33
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