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Supplementary Figure 1. The experimental setup for generating a horizontal magnetic field.
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Supplementary Figure 2. The magnetic hysteresis loop tests of the different solid samples. Source

data are provided as a Source Data file.
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Supplementary Figure 3. The effect of a magnetic field on the charge transfer between the solid
samples and the DI water (O2 concentration, 2.5 mg/L) in droplet mode. The shaded areas around the
data point indicate error bars. Error bar are defined as s. d. Source data are provided as a Source Data

file.
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Supplementary Figure 4. The effect of a 0.5 T magnetic field on the surface potential of FezOa in

N2 and Ar saturated DI water. Source data are provided as a Source Data file.
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Supplementary Figure 5. The contact electrification between DI water (O2 concentration, 2.5 mg/L)
and magnetised /non-magnetised ferrimagnetic samples in droplet mode. Error bar are defined as s.

d. Source data are provided as a Source Data file.
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Supplementary Figure 6. A schematic of the interaction between the O2 molecules and Fe?*.
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Supplementary Figure 7. The effect of SOD on the magnetic field-induced charge transfer between
DI water and ferrimagnetic solids under 0.5 T magnetic field. The shaded areas around the data point

indicate error bars. Error bar are defined as s. d. Source data are provided as a Source Data file.

XPS spectroscopy for FeaOa
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Supplementary Figure 8. The XPS spectroscopy of FezO4 samples before and after contact with DI
water (O concentration, 2.5 mg/L) under 0.5 T magnetic field. Source data are provided as a Source

Data file.



XPS spectroscopy for CoFez20a
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Supplementary Figure 9. The XPS spectroscopy of CoFe>.O4 samples before and after contact with
DI water (O2 concentration, 2.5 mg/L) under 0.5 T magnetic field. Source data are provided as a

Source Data file.
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Supplementary Figure 10. (a) The force-distance curve between the magnetic tip and the Fe3O4
sample. (b) The “surface potential” measured using a magnetic tip. Source data are provided as a

Source Data file.
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Supplementary Figure 11. (a) The force curve in PeakForce tapping mode. The charge transfer
induced by PeakForce tapping mode in (b) air and (c) DI water. The force-distance curve of the Pt
coated tip on the Fe3O4 surface (d) without magnetic field and (e) with 0.5 T magnetic field. (f) The
tribo-current between the Pt coated tip and FesO4 sample in PeakForce tapping mode. Source data are

provided as a Source Data file.
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Supplementary Figure 12. The capacitance model for the DH-KPFM system.

Supplementary Note 1

The spin polarization of an O2 molecule in a magnetic field can be defined as (ignoring the ca.
4 T zero-field splitting):

p = - (S1)

T onp+ny
where nyy and ny; are the equilibrium populations of the m = +1 and m = —1 triplet sub-
levels. Using the Boltzmann distribution and g = 2 (g-value), B = 0.5 T (magnetic field strength), and
T =293 K (temperature):

e@upB/kpT)_o(-gupB/kpgT)

= = 0.0023 (S2)

p= e(@GuBB/kBT) 4 o(—~gupB/kpT)

where ug is the Bohr magneton, B is the external magnetic field and kg is the Boltzmann’s
constant. The population of the nqy; state exceeds that of the n4; state by 0.46% at 293 K, which

can be disregarded.

Supplementary Note 2

As shown in Fig. S6, when the O, molecule interacts with the Fe?* ion on the FesO4 surface, the
3d° electrons belonging to the Fe?* ion transfer to the O, molecule. During this process, the O2
molecule and the 3d® electron can be considered a triplet-radical pair, and the spin Hamiltonian can

be expressed as follows:



H = Hzps-0, + Hex + Hpag (S3)
where Hzps_o, denotes the zero-field splitting in the O2 molecule, Hey signifies the exchange

interaction between the O molecule and Fe?*, and Hpag represents the Zeeman interaction, and,

2
So,

2 ) (s4)

Hzps—o0, = D(S7-0, —
where D is a constant.
Hex = —2J(r)(1+ 351S;) (S5)
where J(r) is the exchange constant and r denotes the distance between the O, molecule and Fe?*
ion.
Hiag = gusBS; (S6)
Here, the hyperfine interaction is disregarded since it is significantly smaller than the other terms.
The 3d® electron is considered a free radical, since the AC bias in the KPFM measurements unbinds
the 3d° electrons from the solid surface, becoming dissolved electrons belonging to water clusters.

The three-electron system displays four quartet configurations and four doublet configurations,

as follows:

Q3/2) = aaa (S7-1)
|Q1/2) = 3"Y2(aaf + afa + faa) (S§7-2)
1Q-1/2) = 37*(BBa + BaB + app) (7-3)
Q-32) = BBB (S7-4)
ID,/,) = 6% (aaf + afa — 2paaq) (S7-5)
ID_1/2) = 67/*(BBa + BaB — 2aBp) (S7-6)
|D},;) = 27/*(aap — apa) (S7-7)
IDLy/2) = 27/*(BBa — BaB) (S7-8)

The spin conversion of the two quantum states depends on the difference between the energy

levels of these two states and the corresponding off-diagonal matrix elements.



Here, it is considered that J(r) = 0. Therefore, the energy level of different spin states can be

calculated as follows (go, and g, arethe gfactors of the O molecule and FesOa, respectively.):

So,° L
Eq, = <Q§ Hzrs_0, + Hmag Q3> = <aaa|D(SZZ_02 _ 032 )+ gitsB(Syu+S,5+S,5) aaa> _ ED N
2 2 2
1
EQ1 = <Ql HZFS—OZ + Hmag Ql> =
2 2 2

S 2
% ) + gupB(Sz1+S,2+S23)
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2
502
3
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+aap + apa + paalD(S2 o, = 22) + GuaB(S.1+5,+5.5)

aaof +aﬁ’a+,8aa> = —gD +

= (290, + Gre;0,)1sB (S8-2)

Eg .= <Q_1 Hzrs—0, + Hmag Q_1> =
_E 2 2

(31128 + Bap + aB)|D(SZ-o, — ") + GitpB(S,1+S,2+5.)

371/2(BBa + fap + afp)) =
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032 ) + gupgB(Sz1+S2+S23)

2 (BBa -+ pap + aBB|DS2o, - BBa-+ Bap + app) = —1D -

§(2goz + Gres0,) BB (S8-3)
=l (0-[Mars-o0 + Hag0.5) = (g5 pseo, - 2+ GugB(San +S,0+5:2) BB =

%D - % (290, * 9res0,) 1488 554
Ep, = <D§ Hzrs_o, + Hmag D%> _
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aaf + afa — 2,8aa> =
% (o, + 29re,0,) BB (S8-5)
b=
2
So0,°

<6—1/2(ﬁ'3a + Baf — zaﬁﬁ)|D(SZZ_02 — =) T gupB(Sz1+S72+S23)
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1
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EDi = <D%’ HZFS—OZ + Hmag D{> =

2 2

- So,”
(2172 (@ - apa)|P(S2-0, = 22) + gusB(S.1+5,2+5.5)

272 (qap — aﬁa)> =

1 So0,°
E(aaﬁ - aﬁa‘D(SZZ_OZ - 032 ) + gupB(Sz1+S,2+S,3)

aaff — afa) = 3 go, 5B (58-7)

ED’1 = <D’_l
-2

2

Di1> =

2

Hzps_0, + Hmag

S 2
(2728 — Bap)|D (520, =% + GHaB(S.4+5,2+523)

271/2(Bpa - pap)) =

1 So,”
5(.3,3“ - ,30(.3|D(522—02 - 032 ) + gupB(S;1+S22+S23)

1
BB~ BaB) = —3 go,usB (58-8)
The energy levels of all four quartet states contain the iiD term. For the O> molecule, the D

parameter value is about 3.5 cm™, which is significantly larger than the Zeeman term (gug B, where
g =2, ug =0.927 x 107234Am? and B = 0.5 T). The energy differences between the quartet and
doublet states are not sensitive to the external magnetic field.

The corresponding off-diagonal matrix elements can be expressed as follows:

<D% Hzps-0, + Hmag Q%) = <D_% Hzps—0, + Himag Q;> = <D%’ Hzps—0, + Hmag Q%> =

<DL% Hzps-0, + Hmag Q%> =0 (S9-1)
<D% Hzps-0, + Hmag Q_%> = <D_% Hzps-0, + Hmag Q_§> = <D%’ Hzps-0, + Hmag Q_%> =

<DL% Hazes—0, + Hunag Q_%> =0 (59-2)
<D% Hzrs-0, + Hmag Q%) =

(67V/2(aaf + aBa — 2Baa)|Hzps—o, + Hmag|3—1/2(aa[>’ + afa + faa)) =

2
g<aaﬁ + afa — 2,8aa|D(SZZ_02 — S(;Z ) + gugB(S;1+S,2+S,3)|aaf + afa + ,[)’aa> = g(D +
(90, = GFre;0,)1BB) (S9-3)
<D1’ Hzrs—0, + Hmag Q%> = <2_1/2 (aap — a.Ba)lHZFS—OZ + Hmag|3_l/2 (aaf + apa + .Baa)) =
2

V6 So,”
?<aaﬁ - aﬁ“|D(5z2—oz - 032 ) + gupB(S;1+S22+523)

gFe304).uB B) (S9-4)

aaf + afa + ﬁaa> = g(D + (9o, —
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Hzrs—0, + Hmag

o 04)=

(67288 + BB — 20B) [Hars o, + Humag| 3™/ (BB + Baf + aB)) =

2 (8Ba + Bap — 20BB|D(S2-o, — ") + GHsB (S +S,+5,2) BB + B + app) = 2 (D -
(9o, — res0,)UBB) (S9-5)

Hzrs_0, + Hmag

<D’—1/2 Q_%> =

(27/2(BBa — Bap)|Hars-o, + Hmag|3 /2 (BB + BaB + aBp)) =

(85 — Bap|P(SE0, ~ %) + GuaB(S.1+S,+5.)| BB + BB + af) = 2(D — (go, -
9re;0,)HpB) (S9-6)

It can be seen that all the off-diagonal matrix elements are either equal to zero or contain the D
parameter (about 3.5 cm™). The Zeeman term is equal to AgugB, which is several orders of
magnitude smaller than the D parameter. The calculations show that both the energy differences
between the quartet and doublet states and the corresponding off-diagonal matrix elements are not
sensitive to magnetic fields. This suggests that the insufficient magnetic field sensitivity of the

quartet-doublet spin conversion of the O, molecule-3d® electron triplet-radical pair.

Supplementary Note 3

Supplementally note 2 considers the 3d® electron a free radical since the AC bias in the KPFM
measurements unbinds the 3d® electrons from the solid surface, becoming dissolved electrons
belonging to water clusters. Without the AC bias at the interface, the 3d® electrons in FesO4 are fixed
by the exchange interactions. As shown in Fig. S6, the spin directions of the 3d!™ electrons are
aligned by the magnetic field, while the 3d® electrons are antiparallel to the 3d*~ electrons, indicating
that the 3d® electron spin is fixed to be antiparallel to the magnetic field. Therefore, when the 3d°®
electrons are antiparallel to the magnetic field, the energy level of the [HO2- -e7] pair is substantially
lower than when the 3d® electrons are parallel to the magnetic field. A spin Hamiltonian was
constructed to describe this:

Hfix = FS, (S10)
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where F is the fix constant. Its value is significantly larger than the thermal energy at 293 K, which

is about 25 meV.

Therefore, the spin Hamiltonian of the [HO2« <e~] pair can be expressed as follows:

H = Hey + Hpag + Hyix (S11)
Here, it is considered that J(r) = 0. Therefore, the spin Hamiltonian can be expressed as

follows:

H = gupBS, + FS, = (gusB + F)S, (S12)

The constant F is much larger than gugB when the magnetic field B is lower than 0.5 T.

Consequently, the effect of the magnetic field on the spin conversion of the [HO2+ <e] pair can be

disregarded.

Supplementary Note 4

The spin Hamiltonian of the radical pair considering the Zeeman interaction can be expressed as
following:

H = Hzeeman = g148BSz1 + 9218BS 2 (S13)
where g, and g, are the g factors of the two radicals in the radical pairs.

We concern about the evolution between the singlet spin state and three triplet spin states of the

radical pairs, their wave functions are shown below,

|S) = (aB — Ba)/V2 (S14-1)
|To) = (aB + Ba) /V2 (S14-2)
ITs1) = aa (S14-3)
ITy1) = BB (S14-4)

The Zeeman energy of these four spin states is calculated as below,

Es = ((aB — Ba)/V2|g11pBS;1 + g2115BS,5|(af — ) /V2) = 0 (S15-1)
Er, = ((aB + Ba)/N2|g11pBS;1 + g2115BS,2|(af + Ba) /V2) = 0 (515-2)
Er,, = {aalg1upBS, + gauBSy;laa) = (91 + g2)usB (S15-3)
Er_, = BBlg11gBSs1 + g21pBS,|BB) = —(91 + 92)usB (S15-4)

13



The energy gap between |S) state and |TJ_r1) states prevents the spin conversion between them,
so that only the S — T, conversion need to be considered in Zeeman interaction.

When we discuss the conversion of two spin states (state S and state T,) of the radical pair, the
wave function of the radical pair can be expressed as a mix state and it evolves with time, as following:

Y(t) = Cs(D s + Cr, (Do, (S16)

And here is the time-dependent Schrodinger’s equation:

dw(t)
dt

ih

h(CS (t)(PS + CTO (t)(pTo) HZeeman(CS(t)(PS + CTO (t)(PTo) (817)

Integration of the above equation with ¢g* and ¢7,* gives the following results:

ihCs'(£) = (s|Hzeeman|9s)Cs(£) + (@s|Hzeeman| @1, )Cr, (£) (S18)
ihCTol(t) = (prolHZeemanl(PS)Cs(t) + <§0T0|H2eeman|§0To)CTo (1) (S19)
Here, (@s|Hzeemanl®s) = Es =0 , ((pTolHZeemanl(pT()) =Er, =0, (‘PT0|HZeeman|<Ps) =

<‘PS|HZeeman|<PTo> = ((0‘.3 - ,Ba)/\/il.%ﬂBBSm + ngBBSzzl(“ﬁ + ﬁa)/\/i) = (g1 — g2)ugB =

AgugB, and we take Cs(t) = MsePt and Cr,(t) = Mr,ef*, we have

AQMBB] [ ]
'h 2
! 'D[MTO] [AQ#BB Mr, (520)
. . . . A
In above equation, ihp is the eigenvalues of the matrix [ 0 g”B ] we have
AgugB
JuB .
p= +l( - ) tiw (S21)
MTO = iMS (522)
Thus, Cs(t) and Cr, (t) can be represented as follows
Cs(t) = Cre'®t + Cye~iwt (S23)
CTO (t) == _Cleiwt + Cze_iwt (524)

Using e'“t = conwt + isinwt and e 't = conwt — isinwt , the above two equations

become as,
Cs(t) = (C; + Cy)conwt + i(C; — Cy)sinwt = Aconwt + iBsinwt (S25)
Cr,(t) = —Bconwt — iAsinwt (S26)

Therefore, C;(0) = A and Cr,(0) = —B, and

Cs(t) = Cs(0)conwt — iCr, (0)sinwt (S27)
14



Cr,(t) = Cr,(0)conwt — iCs(0)sinwt (S28)

Assuming that the initial spin state of the radical pair is singlet, which implies that |Cs(0)|? =
1 and |Cy,(0)|” = 0, then

|Cs(£)]? = |Cs(0)conwt|? = conwt (S29)

|CT0(1:)|2 = |—-iCs(0)sinwt|? = sinwt = 1 — con®wt (S30)

Equations S29 and S30 suggest that the spin states of the radical pairs convert between singlet
state and triplet state at a w angle frequency, in which w = A‘Q“T"B. It can be seen that the S-T spin

conversation rate of the radical pairs increases with the external magnetic field.

Supplementary Note 5

A cobalt alloy coated magnetic AFM probe (PPP-MFMR, NanoSensors) was used in the experiments.
The magnetic force between the magnetic tip and the FesOs sample was detected directly by
measuring the force-distance curve without a magnetic field, as shown in Fig. S10a. The force-
distance curve implied no significant magnetic force between the magnetic tip and magnetic sample
without a magnetic field. However, when a magnetic field was applied, the probe was subjected to a
significant magnetic force, even yielding a significant cantilever deflection under the magnetic field
(0.5 T), which was observed via the photodetector. Therefore, the amplitude and phase of the probe
vibration were significantly affected by the magnetic force, and the measured surface potential using
a magnetic tip was far from the actual value, as shown in Fig. S10b (0.5 T). This was why a non-

magnetic tip was selected for testing.

Supplementary Note 6

The main scan in our experiments was performed in PeakForce tapping mode, which is a
topography scanning mode developed by Bruker. In peakforce tapping mode, the tip contacts the
sample surface point by point to record the profilometry, and the force curve is shown in Fig. S11a.
The tip approaches to the sample surface until the contact force reaches the set peakforce, and then,

the tip is withdrawn from the sample surface. One of the biggest advantages of the PeakForce tapping
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mode is the ability to control the contact forces between tip and sample to the level of hundreds pico-
newton. In our experiments, the peakforce was set to 300 pN. Such a small contact force cannot lead
to significant contact charge transfer between the metallic tip and the samples.

In order to verify that no transferred charge was introduced in PeakForce tapping mode for
topography measurement, we use the PeakForce tapping mode to scan the sample surface trying to
generate triboelectric charges (with 5 um scan size, 300 pN peakforce), and then, the surface potential
of the scan area is detected in KPFM mode (10 um scan size). As shown in Figs. S11b, S11c, the
results show that no triboelectric charges were introduced in PeakForce tapping mode, no matter in
air or in DI water. Moreover, the tip used in experiments was nonmagnetic (SCM-PIT, Pt coated),
which was not subjected to magnetic forces. As shown in Figs. S11d, S11le, there is no difference
between the force-distance curves of the Pt coated tip on the Fe3O4 surface with and withouta 0.5 T
magnetic field, confirming that the tip is not subjected to magnetic force. Therefore, the enhancement
in contact charge could not be from stronger interaction between tip and ferrite when magnetic field
is applied.

For the tribovoltaic effect, two materials need to rub against each other to generate enough
energy to excite electron-hole pairs. It is unlikely to generate a tribo-current at a slight contact in
PeakForce tapping. As shown in Fig. S11f, no tribo-current was detected when the tip scans the FesO4
surface in PeakForce tapping mode. Therefore, the changes of the charge transfer at DI water and

ferrimagnetic solid induced by magnetic field cannot be caused by the tribovoltaic effect.

Supplementary Note 7

The Ampere’s force experienced by the Pt-coated AFM cantilever depended on the current through
the cantilever (I), the length of the cantilever (L), and the external magnetic field (B), which is
expressed as follows:

F = IBLsina (S31)

where a denotes the angle between the current and the magnetic field.
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In the DH-KPFM system, the tip and sample electrode could be considered a capacitance, as
shown in Fig. S12. The current through the cantilever could be calculated using the following

equation:

T odt dt dt

where Q denotes the induced charges on the tip and sample surfaces, V denotes the applied AC bias,
and C denotes the capacitance between the tip and sample electrode. Equation S32 considered the
capacitance of the tip-sample system a constant for convenience since the vibration amplitude of the
tip was substantially smaller than the distance between the tip and sample electrode (lift high +
thickness of the dielectric film) in the experiments.

The amplitude of the applied AC bias in the experiments was 1 V, and the frequency was 75 kHz,
and the AC bias could be expressed as follows:

V = sin(2m X 7.5 X 10%*t) (S33)

The capacitance between the tip and the sample surface was systematically discussed in previous
works.5% In our experiments, the tip radius was less than 20 nm, and the distance between the tip and
sample electrode was about 150 nm, so the capacitance between tip and sample electrode was less
than 0.1 aF according to the results in Ref. 50. According to Equations S32 and S33, the current

through the cantilever could be expressed as follows:
I= CZ—Z < 21 x 7.5 X 10~ 15cos (27 x 7.5 x 10*t)A (S34)

The highest magnetic field in our experiments was 0.5 T, the cantilever length was 225 pum, and
the current was perpendicular to the magnetic field. Therefore, the Ampere’s force experienced by
the Pt-coated AFM cantilever could be expressed as follows:

F<0.5x225%x107° x 2r X 7.5 X 10~ %cos(2m X 7.5 X 10*t)N

=529 x 107 8cos(2m x 7.5 X 10*t)N (S35)

Such a small Ampere’s force did not contribute to the resonance of the cantilever and could not

influence the KPFM contact potential difference result.
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