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Fig. S1 The XRD patterns of LSMO-80
The effect of Sr doping on the morphology of LaMnO3 perovskite was observed by scanning electron microscope (SEM), as shown in Fig. S2. In Fig. S2a, b, it can be seen that the undoped LaMnO3 perovskite was composed of small spherical nanoparticles, and the particle size was evenly dispersed. Between 50~100 nm, there was no obvious agglomeration. Fig. S2c-h is the SEM image of LaMnO3 perovskite samples with different Sr doping ratios. Compared with LMO and LSMO perovskite samples, it was found that Sr doping reduces the size of LaMnO3 nanoparticles, which was related to the decrease of LaMnO3 lattice size by Sr doping. In addition, Sr-doped LaMnO3 perovskites still maintain good dispersibility.
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Fig. S2 SEM images of LMO (a, b), LSMO-10 (c, d), LSMO-20 (d, e) and LSMO-40 (g, h)
Figure S3 shows the SEM images of LaMnO3 perovskite samples with different Ce doping ratios. It can be seen that the Ce-doped LaMnO3 perovskite samples are composed of nanoparticles, and the particle size distribution is in the range of 50-100 nm. The particle size is uniformly dispersed without obvious agglomeration, indicating that Ce doping does not affect the dispersion of LaMnO3 perovskite. Further comparison of LMO and LCMO samples shows that Ce has no significant effect on the nanoparticle size of LaMnO3 perovskite.
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Fig. S3 SEM images of LCMO-05 (a, b), LCMO-10 (c, d) and LCMO-15 (e, f)
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Fig. S4 TEM and the corresponding EDS mapping images of LSMO-20
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Fig. S5 TEM and the corresponding EDS mapping images of LCMO-10
The chemical elemental compositions of the surfaces of the LMO, LSMO, and LCMO samples were semi-quantitatively analyzed using X-ray photoelectron spectroscopy (XPS), as shown in Figs. S6 and S7. In Fig. S6, it is observed that the energy spectrum of LMO exhibits characteristic peaks for La 3d (866.3 and 863.4 eV), Mn 2p (642.0 and 653.8 eV), O 1s (529.4 eV), and C 1s (284.8 eV). This indicates that the LMO sample consist of four chemical elements of C, La, Mn, and O. The presence of element C is attributed to surface contamination of the sample, which can be used for energy spectrum standard peak correction. In addition to these four elements, the characteristic peaks of Sr 3d and Ce 3d appeared at 132.86 and 898.98 eV, respectively, in all LSMO (Fig. S6) and LCMO (Fig. S7) samples. This suggests that Sr and Ce were successfully introduced into LaMnO3, and the intensities of the characteristic peaks of Sr 3d and Ce 3d increased continuously with the increase of the doping ratios of Sr and Ce elements. Characteristic peak intensities are increasing.
[image: ]
Fig. S6 XPS survey spectra of LMO and LSMO samples
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Fig. S7 XPS survey spectra of LMO and LCMO samples
Figure S8 shows the XPS spectra of Sr of LSMO-10, LSMO-20, and LSMO-40 samples. There are two peaks corresponding to the binding energies of Sr 3d3/2 (134.15 eV) and Sr 3d3/2 (132.39 eV), respectively, with the spacing of the two peaks of 1.76 eV, suggesting Sr2+ doped into LaMnO3 lattice. The peak intensity of the XPS energy spectrum of Sr 3d increases with the increase in the doped Sr content, but the position of the double peaks remains unchanged.
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Fig. S8 XPS spectra of Sr 3d of LSMO samples
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Fig. S9 XPS spectra of Ce 3d of LCMO-05, LCMO-10, and LCMO-15 samples
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Fig. S10 XPS spectra of Mn 2p of LSMO (a) and LCMO (b) samples


In addition, with the increase in the Sr and Ce contents, the concentration of surface Oads in LSMO and LCMO samples first increases and then decreases. In LSMO and LCMO samples, when the doping ratio of Sr and Ce reaches 20% and 10%, respectively, the concentration of Oads in the samples reaches its highest level. Additionally, the structural defects increase, which in turn provides more active sites for vanadium redox reactions.
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Fig. S11 XPS spectra of O ls of LSMO (a) and LCMO (b) catalysts
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Fig. S12 Raman spectra of LSMO
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Fig. S13 Raman spectra of LCMO
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Fig. S14 The water contact angle of SP (a), LMO (b), LSMO (c-e) and LCMO (f-h) samples
To explore the effect of Sr-doped LaMnO3 perovskite on the V3+/V2+ redox reaction polarization and mass transfer process, the CVs of LMO and LSMO electrodes were tested with different scan rates, as shown in Fig. S15. It can be observed that the redox peak current density of the electrodes increased continuously with the increase of the scan rate. At the same time, the redox peak potential difference increased continuously due to the increase of the polarization of the electrode reaction. Comparing the multi-scan rate CV curves of the four groups of electrodes, the LMO electrode shows the smallest increase in the redox peak current density and the largest change in the peak potential difference. Meanwhile, the LMO electrode undergoes an increasingly severe hydrogen precipitation side reaction. The LSMO-10 and LSMO-20 electrodes show good electrochemical stability, and the peak potential difference of LSMO-40 changed greatly. These indicate that Sr doping effectively reduces the polarization and side reaction of the V3+/V2+ redox reaction. 
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Fig. S15 The CV curves of LMO and LSMO electrodes at different scan rates in 1.6 M V3+ + 3.0 M H2SO3 solution


Table S1 Corresponding fitting electrochemical parameters obtained from the fitting data in Fig. 3c for LMO and LSMO electrodes based on the equivalent circuit in Fig. 3g
	Electrode
	Rs / Ω
	Qt
	Rct / Ω
	Qm

	
	
	Y0,1
	n1
	
	Y0,2
	n2

	LMO
	10.54
	1.76×10–2
	0.70
	15.76
	2.75×10–5
	0.77

	LSMO-10
	10.32
	2.68×10–2
	0.67
	8.02
	3.85×10–5
	0.84

	LSMO-20
	9.66
	3.62×10–2
	0.80
	6.18
	5.30×10–5
	0.80

	LSMO-40
	10.57
	2.60×10–2
	0.55
	9.15
	2.81×10–5
	0.87


In order to investigate the effect of Ce-doped LaMnO3 perovskites on the electrochemical stability and mass-transfer processes of the VO2+/VO2+ redox reaction, CV tests were performed on LMO and LCMO electrodes with different sweep speeds. As shown in Fig. S16, it can be observed that as the scan rate increases, redox peak potential difference increase due to increasing polarisation at the electrode reaction interface. Comparing the multi-scan rate CV curves of the 4 sets of electrodes, LCMO-10 has the fastest increase rate in peak current density and the smallest increase extent in peak potential difference. It indicates that Ce doping improves the electrochemical kinetics of the electrode and reduces the electrode reaction polarisation.
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Fig. S16 The CV curves of LMO and LCMO electrodes at different scan rates in 1.6 M V3+ + 3.0 M H2SO3 solution


[image: ]
Fig. S17 The fitting equivalent circuit for the Nyquist plots in Fig. 3c, f
Table S2 Corresponding fitting electrochemical parameters obtained from the fitting data in Fig. 3c for LMO and LSMO electrodes based on the equivalent circuit in Fig. 3g
	Electrode
	Rs / Ω
	Qt
	Rct / Ω
	Qm

	
	
	Y0,1
	n1
	
	Y0,2
	n2

	LMO
	10.54
	1.76×10–2
	0.70
	15.76
	2.75×10–5
	0.77

	LSMO-10
	10.32
	2.68×10–2
	0.67
	8.02
	3.85×10–5
	0.84

	LSMO-20
	9.66
	3.62×10–2
	0.80
	6.18
	5.30×10–5
	0.80

	LSMO-40
	10.57
	2.60×10–2
	0.55
	9.15
	2.81×10–5
	0.87



Table S2 The corresponding fitting electrochemical parameters obtained from the fitting data in Fig. 3f for LMO and LCMO electrodes based on the equivalent circuit in Fig. 3g
	Electrode
	Rs / Ω
	Qt
	Rct / Ω
	Qm

	
	
	Y0,1
	n1
	
	Y0,2
	n2

	LMO
	7.09
	1.20×10–2
	0.53
	35.02
	2.14×10–5
	0.85

	LCMO-05
	7.41
	1.34×10–2
	0.59
	20.39
	3.22×10-5
	0.85

	LCMO-10
	8.23
	2.00×10–2
	0.48
	12.72
	3.60×10–5
	0.92

	LCMO-15
	8.71
	1.35×10–2
	0.51
	24.09
	2.69×10-5
	0.88


[image: ]
Fig. S18 The left view of charge difference analysis for V3+-LaMnO3 (a), V3+-Sr doped LaMnO3 (b), VO2+-LaMnO3 (c), VO2+-Ce doped LaMnO3 (d)
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Fig. S19 The top view of charge difference analysis for V3+-LaMnO3 (a), V3+-Sr doped LaMnO3 (b), VO2+-LaMnO3 (c), VO2+-Ce doped LaMnO3 (d)
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Fig. S20 The Nyquist plots of GF electodes for V3+/V2+ (a) and VO2+/VO2+ (b) redox reaction at polarization potentical
Figure S21 shows the charge-discharge curves of the two batteries at different current densities. It can be seen that with the increase of current density, the polarisation of the two groups of batteries intensifies, the overvoltage increases continuously, the spacing between the charging and discharging platforms increases continuously, and the charging and discharging curves of the modified VRFB are more stable compared with those of the pristine VRFB. Meanwhile, at the same current density, the modified VRFB has a lower charging platform and a higher discharge platform, and at 150 mA cm-2, the onset voltage of charging of the modified VRFB decreases by 0.15 V, and the onset voltage of discharging increases by 0.29 V. The LSMO-20 and the LCMO-10 jointly reduce the polarisation of the VRFB and improve the energy density of the VRFB.
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Fig. S21 The chairge and discharge curves of the pristine (a) and modified batteries (b) at different current densities[image: ]
Fig. S22 The discharge capacity of the pristine and modified batteries at 150 mA cm-2 for 500 cycles
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Fig. S23 The system resistance of the pristine and modifed bateries at 150 mA cm−2 for 500 cycles
Table S3 Performance comparison of LSMO/LCMO with representative VRFB catalyst materials
	[bookmark: _Hlk213200985]Material type
	Catalyst material
	Cathode/Anode
	VRFB performance
	long-term cycling performance
	Refs.

	
	
	
	Max current density
(mA cm-2)
	EE
	Cycle Stability
	Lifetime
	

	Carbon
	1C nano layer
	Cathode/Anode
	250
	72%
	150
	450
	[S1]

	
	Lignin
	Cathode
	250
	75%
	100
	1000
	[S2]

	
	C–TA/TAEA
	Cathode/Anode
	500
	56%
	400
	1000
	[S3]

	
	N, P co-doped carbon fiber
	Cathode/Anode
	200
	60%
	100
	150
	[S4]

	
	GFD-Zn-H
	Cathode/Anode
	500
	31%
	-
	-
	[S5]

	
	DB-GF
	Cathode/Anode
	300
	73%
	300
	300
	[S6]

	
	SDG-PC
	Cathode/Anode
	500
	~56%
	400
	1000
	[S7]

	
	POGC
	Cathode
	250
	~58%
	200
	1000
	[S8]

	
	N/Co,Cu@GF
	Cathode
	350
	66%
	200
	350
	[S9]

	
	SGTA/
TiO2
	Anode
	325
	54%
	100
	100
	[S10]

	Metal oxide
	Cu-Co3O4
	Cathode
	200
	76.4%
	200
	300
	[S11]

	
	VA-Mn3O4
	Anode
	450
	~68%
	300
	1000
	[S12]

	
	Bi2WO6
	Anode
	250
	89.7%
	250
	1000
	[S13]

	
	VNbMoTaWOx
	Cathode
	120
	77.2%
	100
	250
	[S14]

	
	medium-entropy oxide
	Cathode
	350
	~63%
	200
	500
	[S15]

	
	TiO2
	Anode
	400
	~72%
	200
	600
	[S16]

	
	NiMoO4
	Cathode/Anode
	200
	~63%
	100
	100
	[S17]

	
	SrZrO3
	Cathode/Anode
	250
	~63%
	150
	500
	[S18]

	
	WO3
	Anode
	300
	73.6%
	250
	900
	[S19]

	
	NdFeO3
	Cathode
	250
	65%
	150
	1000
	[S20]

	Other
	Ti3C2Tx-N/m
	Anode
	450
	64%
	150
	500
	[S21]

	
	IL-MW-MXene
	Anode
	200
	83.6%
	100
	200
	[S22]

	
	Nb2CTx/Nb2O5
	Cathode/Anode
	400
	65%
	150
	800
	[S23]

	
	Mo2C−Mo2N
	Cathode
	450
	~67%
	300
	1000
	[S24]

	
	This work
	Cathode/Anode
	300
	67%
	150
	500
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Nano - Micro Letters   S 1 /S 19   Supporting Information   for   Bidirectionally   Enhanced Reaction Kinetics  in   Vanadium Redox Flow  Battery  via Regulating Mixed - Valence States in   Perovskite Electrodes   Y ingqiao  Jiang 1 , Ming  Li 1 , Jiaye  Ye 2   *, Lei  Dai 1 , Haoran  Jiang 3   *, Ling  Wang 1 ,  Zhangxing  He 1   *   1   School of Chemical Engineering, North China University of Science and Technology,  Tangshan 063009,  P. R.  China   2   School of Chemistry and Physics,  Faculty of Science, Queensland University of  Technology, Brisbane, QLD 400 0 , Australia   3   Department of Energy and Power Engineering, Tianjin University, Tianjin 300072,  P. R.  China   *Corresponding author s . E - mail:  zxhe@ncst.edu.cn   ( Zhangxing  He );   jiaye.ye@qut.edu.au   ( Jiaye  Ye );   jianghaoran@tju.edu.cn   ( Haoran  Jiang )     Supplementary Figures  and Tables     Fig. S1   The XRD patterns of LSMO - 80   The effect of Sr doping on the morphology of LaMnO 3   perovskite was observed  by scanning electron microscope (SEM), as shown in   Fig. S 2 .   In  Fig .  S 2 a ,  b , it can be  seen that the undoped LaMnO 3   perovskite was composed of small spherical  nanoparticles, and the particle size was evenly dispersed. Between 50~100 nm, there 

