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Experimental methods

Chemicals. All chemical reagents were used as received without further purification (except for KOH).
Co(NO3)2:6H20 (99.99%), Ni(NO3)2-:6H20 (99.999%), NiCl2-6H20 (99.95%), KOH (99.999%), ultra-
pure water (Milli-Q filtered, 18.2 MQ-cm), PMMA (A8, MicroChem), PVP (average molecular weight:
40000), methanol (99.9%, chromatography grade), NaBH4 (98%)), furfural (99%), furfuryl alcohol (98%),
5-hydroxymethylfurfural (99.54%), benzylamine (>99.0%), benzyl nitrile (>99%), benzyl alcohol (=99%),
benzaldehyde (99%), benzoic acid (99%).

Purification procedures to prepare Fe-free KOH aqueous solution. For rigorously Fe-free

measurements, the 1 M KOH electrolyte was purified according to the procedures reported in literature.!

Fabrication of the hydroxide devices. A free standing film was prepared by a co-solvent evaporation

method,?” the detailed synthesis procedures can be found in our previous work.%
The relationship between reaction rate and current density (Note 1)

The reaction rate equation for a typical bimolecular adsorption reaction following a Langmuir-
Hinshelwood (L-H) mechanism at gas-solid interfaces can be found in the textbook:
r= k . 9A . 0]3 (1)

k- asaspaps
r= 2
(1+aApA+aprB)2 ( )

Where r is the reaction rate, k is the reaction rate constant, fa and 6 represent the surface coverages of
the two species, pa and ps represent the partial pressure of two gases.

In the typical water-oxidation-assisted electro-oxidation of organics, the electrochemical current can be
calculated by:

— EO
i=FAk exp [W] - Cop- 3)

Where i is the electrochemical current, F is the Faraday constant, 4 is the electrode area, k° is the reaction
rate constant, o is the transfer coefficient, R and T are universal gas constant and temperature, Con- is the
concentration of OH™. Due to the high irreversibility of elementary steps in oxygen evolution reaction, we
do not consider the reverse electrochemical reaction.

If there is no organics exist in the system, the value of i is positively correlated with the surface coverage

of OH* (Hon+). The expression for the reaction rate between OH * and the adsorbed substrate is:



r—= k ¢ QOH* * esub* (4)

Where 7 is the reaction rate, & is the reaction rate constant, on* and fsub* represent the surface coverages
of OH* and organic substrates.

In the low concentration range, the fsub+ is also positively correlated with concentration/activity of
substances (Csub). Thus the reaction rate is positively correlated with electrochemical current in the
water-oxidation-assisted organic substances electro-oxidation reaction.

We found the shape of experimental current densities with varying concentrations of substances is like a

quadratic function.
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Supplementary Figure S1. The fitted parabolic curve for electrochemical oxidation currents.

The fitting results shown the function expression is:
log () = —0.35713 X (log (C.) ) > +1.20637 X log (C.,) +0.19315  (5)

Where Csub is the concentration of substances (mM).

The reaction rate equation can be also transformed into a function of Gsub*:



e =1—0_,. (6)
r= k ’ Hsub* ’ (1 o asub*)

r=— k * esub*2 + k * Hsub* (7)

OH

Interestingly, the reaction rate equation is also a form of quadratic function. The experimental current
densities and simulated curve using equation S7 match with each other relatively good (Supplementary
Figure 1B in main text), indicating the @+ is proportional to log(Csup) at the certain concentration
range, which is similar to the Témxun’s adsorption isotherm equation (& is proportional to log(p))
for the chemical adsorption of single molecular layer.

0, <108 (Cor) (8

r=—k"(log(Can))* + k' log (Cas) 9

Simultaneous equations S5, S7 and S9, the functional relationship between the reaction rate and

electrochemical current in water-oxidation-assisted organics electro-oxidation can be expressed as:

- 1.20637 4 1/1.20637% + 4 X 0.35713 X (0.19315 — log (j)) |
"= 2x0.35713

1.20637 +1/1.20637% + 4 0.35713 x (0.19315 — log (5))

Tk 9% 0.35713

Replace the constant in the special case, and the general expression is:

Tk,_[b+\/b2+4a><(clog(j)) ’

2a

. b+ /b2 +4a x (c —log(j))

+k %

(10)

Where a, b, ¢ are constants in the fitted quadratic equation with one unknown for log(j). Equation S10
could predict the existence of a maximum reaction rate and effectively predict the positive correlation

between reaction rate and electrochemical current density.
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Supplementary Figure S2. The experimental kinetic and simulation results for electro-catalytic organic
oxidation reactions (EOOR) assuming a surface bimolecular adsorption/reaction (Langmuir-Hinshelwood)
mechanism. Dependence of electro-oxidation partial current densities on the varying organic substrate
concentrations for (a) furfural (in 1.0 M KOH), (b) furfuryl alcohol (in 1.0 M KOH), (¢) benzylamine (in
1.0 M KOH) and (d) benzyl alcohol (in 1.0 M K2CO3s, weak alkaline) in which reaction rate vertexes

@0sub* = 0.5 were observed. Error bars were obtained from three independent experiments.



Models for micro-kinetic and thermodynamic analysis (Note 2)

l. Micro-kinetic simulation for qualitative surface coverages of intermediates
1 M?*" —H,O*=M*"—OH*+ e + OH*(n,0) initial OER step (1*) 11)
2. M?"* + substance — M?* — substance * organic adsorption 12)
34, M**—OH*=M*"—OH* +e" initial OER step (1.5™) (13)
4*™,; M?**" — OH* 4 substance * = = product * catalytic oxidation (14)
5%, M*" — OH* 4 substance * = = product * catalytic oxidation (15)
6. product * — % + product organic desorption (16)
7%, M** —OH* +OH =M*" —0* + H,O +e" RDS of OER (2*¢)  (17)
8" O*+OH =O0OH*+ e late OER step (3™) 18)
9. OOH*+ OH =00*+ H,0+e" late OER step (4™) 19)
10%: OO0* — %+ O, O, evolution (20)

For qualitatively analysis the relationship of AVhamonic and surface M*”4*—OH* coverage, we consider,
E°=G°/e (21)
where the E° and ¢ represent the equilibrium potential of an electron transfer step and its Gibbs free

energy in the standard condition.
The equilibrium potential of each elementary step can be obtained from the difference of Gibbs free energy

between reactants and products.
_AG ~AG

M3t —oH* M2T—* 4 OH™
E? . + (22)

o AGM‘”—OH* - AGM“—OH*

B - (23)
po_ OG- - AGii o 28
oo AGMH,OOH: AG, e o ©25)
[ X 26)

e
E? is the equilibrium potential of i reaction. AG is the adsorption energy of intermediates (eV) and its
numerical value equals to E?.”

Due to the low reversibility of the reactions in OER and EOOR systems, the reaction rates of inverse

reaction were omitted.



RT

— E°
P = kP exp [M] 0,

S 0, =1
i—1

where the 7; is the forward reaction rate of the i reaction; xe is the rate constant of i reaction; £ is the

27

(28)

symmetry factor; o, is the surface coverage of the species; R and T are the universal gas constant and

temperature, respectively.

For the microkinetic simulations, consider the differential equations for surface coverage of each species

among all of the reactions:

dé

M3t —OH*

dt

*
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dt

do

Mt —on*

dt
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dt

d0M4+ — OOH*
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(30)

= k3exp {7 ﬂggg? } exp { BF}'{?()&)} “Opir o — k8 - Oppar e+ O — k7 €XD {7 ﬂgg? } exp { ﬂF]'%%(t)} Oyt _one " Qo (31)
=1 —Tg

=kiexp } Bg? exp :ﬂp;ﬁr(t): “Opi+ o+ o~ — ke exp {* 6;? } exp V ig(t)} “Orpis o+ Gon- (32)
=rs—ry

=Fkexp } ngé’: exp :ﬂF]%?(t): Oy _or " Goy- — kS exp {f ﬂggé’ } exp {BF};EI',@)} Oy _oon* * Gon- (33)
=ry+1r5s— 7

=k Oy o Ope +ES - Oppis oo - 0, — K0, (34)
=7T9—T10

— Kexp {7 i g‘(’) } exp { B P;fT(t)} By oo Gom- — Ko+ Oygee_ oo (35)
=1—0, 4 — O+ o — Ot —om — v —or — Oyt oo — Orptv oo (36)

We use the “odel5s” function in Matlab (R2019b) to solve these differential equations. Part of the

parameters used for the microkinetic simulations are listed in Supplementary Table S1:

Table S1. Parameters used for simulation of qualitative surface coverages of intermediates. *



Materials

a-Co(OH):2 a-Ni(OH):2
Parameters

EQX. (V vs. RHE) 1.00 1.12

E2 4 (V vs. RHE) 1.30 1.25

E%, (V vs.RHE) 1.60 1.65

Edy (V vs.RHE) 1.65 1.70

Ed;, (Vvs.RHE) 1.66 1.71

p 0.40 0.40

® The numerical values of these parameters have been referenced from reported literature® and
adjusted appropriately. The accuracy of the parameters is far outside the scope of this work. Their

values may vary a lot depending on the used simulation method.

With the differential equations and parameters in hand, we can use the Matlab (R2019b) software to obtain

varied surface coverages of the species in dependent with applied potential, and the overall current can be

calculated by:

erO [M(EEO)] Oc gy F (37)
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Supplementary Figure S3. The micro-kinetic simulation results of surface coverages of possible species



for a-Co(OH)2 (a) and a-Ni(OH):2 (b).
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Supplementary Figure S4. The micro-kinetic simulation results of LSV.

Il.  Micro-kinetic analysis for the fitting of rate constants in experimental
electro-oxidation reaction

Considering the same elementary steps in part I, the reaction rate is given by:

r=k'0.an,0e"" = ki0.am0 (38)
K,= m’ (39)
T3 =ks' Oy o™ = k3l ope (40)
re = EaBpe oy Bt (41)
P = ksOi: oy B (42)
P =k O e =R e (43)
Ts =kg'Oyur v =kgOyur o (44)
To=ko'Oyr oom€™” =kobOyis  oons (45)
T10 = K100yp1+ _ oo (46)

We apply the pseudo-steady-state hypothesis (PSSH) to the water oxidation intermediates’:



dF 3+ _ * dF 4+ *
MTOH =r—r3—14=0, MTOH =r;—nr;—1;=0,
dF 4+ ~* dF 44 *
7Mdt = =r,—rs=0, 7Mdt oot =rs—ry=0,
dl e s
Mdt o =r9g—11p=0 (47)
Substitution of Eq S38-S46 into Eq S47 gives:
Lo L (48)
Vsub
_ kib.an,o
0M3+7OH* - k3 + k4k200* (49)
o klk?,e*aHzo
O on = (ks + kakoct,) - (k7 + kskoch,) (50)
o k1k3k70*aH20
Ot 0= s T hakach.) - by + Fohacly) O
B kikskz0.an,0
st oo = L T hakach) - (b + hokac) 020
kiks k-0,
9 o 1R3R7 V% 0n,0 (53)

MO0 kg (ks + akach.) - (kr + kskacO,)
Then the reaction rate of electro-oxidation can be expressed as:

’I” - 7’4 + T5 — k40M3+7OH*esub* + k56M4+*OH*08ub*

o k1k40*aH20 kQCe* n k1k3k50*aH20k2 60*
B k3 + k4 kQCH* (kg + k4k209*) . (k7 + k5k209*)

(54)

Fitting method:

We used the curves fitting tool in the Matlab (R2019b) to fit the kinetics data. Robustness: off;
algorithm: Trust-region; DiffMinChange: 1E-8; DiffMaxchange: 0.1; MaxFunEvals: 600; Maxlter:
400; TolFun: 1E-6; TolX: 1E-6.

The best fit of reaction rate of alcohol electro-oxidation using the second term of Eq. S54 was shown

in Supplementary Figure S5:

11
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Supplementary Figure S5. The micro-kinetic analysis of OH* as reactive specie. Data points depict
the dependence of experimental partial current densities (equivalent to reaction rates under high FEs),
and the red curve shows the mathematical fitting of the kinetic data. Error bars were obtained from

three independent experiments.

Supplementary Table S2. Parameters used for rate constants fitting in experimental electro-oxidation

reaction.
Parameters for micro-kinetic simulations of L-H mechanism
Reactive . X | | X X R- Adjusted
_ ki(s7) k() k(s) ka(s7) ks(s) ki(s) RMSE
species square  R-square
OH* 50 0.4736 90.04 1.842 2.492 6.908 0.9781 0.9636 0.8756

It is found that the rate constants of electron transfer steps (E, k1 and k3 of equations 11 and 13) are much

higher than chemical catalytic reactions (C).

12



Materials characterization

@y

a

,‘\ sy, Pww, A, C-NIOH), — B-Co(OH),

A\ ! quoo Nig o(OH),

: M““ o 0-Cp 15Nl g5(OH)
; MLWM 0-C0g 55Nip 15(OH);

a-Coy 5Nij ,(OH),

o L a-Cog 5Ni 5(OH),
T WL n—C_)S_Nl‘, ,(OH),|
oy . a-Coy oNig ,(OH), J kﬂ- JCPDS#30-0443
N a-Co(OH), .+
w m" I {CPDS #38-0715!%CPDS #46-0605 . : : | . . .

10 20 30 40 50 60 70 10 20 30 40 50 60 70
26 (degree) 26 (degree)
Supplementary Figure S6. The XRD pattern of a series of a type Ni doped Co hydroxides (a) and B type

Co hydroxides (b).

Intensity (arb. units)

Intensity (arb. units)
J

The diffraction peaks of a series of hydroxides stay closely to the standard PDF cards of a-Co(OH)2
(JCPDS #46-0605)'%12 and a-Ni(OH)2 (JCPDS #38-0715)"3, except for the first diffraction peak around
10°, which is probably the reason of different synthetic methods induced different degrees of alkali metal

ions (Na*, K*) intercalation.
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Supplementary Figure S7. The scanning electron microscope (SEM) images of a-Co(OH): (a, b) and j3-
Co(OH)z2 (c, d), scale bars are 1 um.

14
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'

a-Coy gNig 1(OH),

nil i

] EEE———————.
L T T T T T T T T T A T I B |

eV

Elements Line Type coﬁgg;rrzr::on k ratio wt% wt% Sigma s:n:?::?a:gel
O K line 7.96 0.02679 14.41 1.06 SiO,
Co K line 28.89 0.28895 76.60 2.34 Co
Ni K line 3.51 0.03512 8.98 2.44 Ni
Total: 100.00
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A

a-Cog ;Nig 3(OH),

Nl N

eV

Elements Line Type coﬁszrirrjt]iton k ratio wt% wt% Sigma s:n:irl]:?a:gel
(0] Kline 29.65 0.09976 39.95 1.19 SiO,
Co Kline 19.16 0.19157 45.75 1.38 Co
Ni Kline 6.19 0.06193 14.30 1.47 Ni
Total: 100.00
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a-Cog sNig 5(OH),

Nill i

— i
T T D L L e e T T O T T T Y (O

eV

Elements Line Type coﬁgg;gt]itcm k ratio wt% wt% Sigma sasn:T)rl]:Ta:gel
(0] K line 21.28 0.07162 38.42 1.64 SiO,
Co K line 10.14 0.10145 31.36 1.92 Co
Ni K line 10.11 0.10111 30.22 2.13 Ni
Total: 100.00
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| - 1 0-Cog 3Nig 7(OH),

I
4l

i ' Ni

eV

Elements Line Type coﬁ(r:)zitr;r:i[on k ratio wt% wt% Sigma S::;T:T;gel
(@) K line 16.05 0.05401 66.33 4.17 SiO,
Co K line 1.10 0.01096 9.83 2.99 Co
Ni K line 2.74 0.02741 23.84 4.06 Ni
Total: 100.00
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14

a-Cog 5Nig 75(OH),

il [N

cev

Elements Line Type col:cr:)gr?trr:\rt]iton k ratio wt% wt% Sigma sasr;ZTSTa:gel
@] K line 18.70 0.06294 67.67 2.87 SiO,
Co K line 0.98 0.00983 7.80 1.99 Co
Ni K line 3.19 0.03188 24.52 2.75 Ni
Total: 100.00
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L

Ni
Ni

a-Coyg 15Nig gs(OH),

i<

Elements Line Type coﬁsgr?trrzrt]iton k ratio wt% wt% Sigma sasr;{;l)?:?a:gel
(@] K line 15.45 0.05198 59.86 4.39 SiO,
Co K line 0.84 0.00838 6.57 3.48 Co
Ni K line 4.42 0.04421 33.57 4.28 Ni
Total: 100.00
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a-Coy 1Nig o(OH),

eV

Elements Line Type coﬁssr?trrjt]iton k ratio wit% wt% Sigma s:rr:?::?a:gel
O K'line 26.51 0.08923 48.11 0.96 SiO,
Co Kline 1.29 0.01293 4.23 0.67 Co
Ni K'line 15.07 0.15067 47.66 1.00 Ni
Total: 100.00

Supplementary Figure S8. The SEM images and elements distribution spectroscopy (EDS) analysis of a
series of nickel doped cobalt hydroxides. (a-c) a-Coo9Nio.i(OH)2, (d-f) a-Coo.7Nio3(OH)2, (g-1) a-
Co00.5Nio.s(OH)2, (j-1) 0-Co0.3Nio.7(OH)z2, (m-0) a-Co0.25Ni0.75(OH)z2, (p-r) a-Coo.15Nio.ss(OH)2 and (s-u) o-
Co00.1Ni0.9(OH)2, it can be seen that the atomic ratios of Co and Ni calculated from the wt% agree well

with the stoichiometric number.

The ICP-OES test results of the series of Co/Ni hydroxides were listed in Supplementary Table S3 and
S4.

21



Supplementary Table S3. The ICP-OES test results of the series of Co/Ni hydroxides (as prepared).

Catalysts Mass (mg) Co (mg/L) Ni (mg/L) Total (mg/L) Co ratios (%) Niratios (%)
a-Cog gNig 1(OH), 5.14 46.6 5.68 52.28 89.14 10.86
a-Cog 7Nig 3(OH), 5.06 33.7 16.1 49.80 67.67 32.33
a-Coq 5Nig5(OH), 5.20 24.0 26.6 50.60 47.43 52.57
a-Cog 3Nig 7(OH), 5.21 13.8 37.3 51.10 27.01 72.99

a-C0g 15Nip g5(OH), 4.99 6.32 41.1 47.42 13.33 86.67
a-Cog ;Nig o(OH), 5.12 4.81 50.50 55.31 8.70 91.30

The Co/Ni ratios match very well (less than 3% error) with the preset ratios during the metal salt solutions

preparation.

Supplementary Table S4. The ICP-OES test results of the series of Co/Ni hydroxides (post electrolysis).

Catalysts Co (mg/L) Ni (mg/L) Total (mg/L) Coratios (%) Niratios (%)
a-CoggNig 1 (OH), 10.1 1.16 11.26 89.70 10.30
a-Cog 7Nigp 3(OH), 6.46 2.92 9.38 68.87 31.13
a-Coy sNig s(OH), 4.48 4.68 9.16 48.91 51.09
a-Cog 3Nip 7(OH), 1.74 4.38 6.12 28.43 71.57

a-Cog 15Nig g5(OH), 2.74 17.0 19.74 13.88 86.12
a-Cog ;Nig o(OH), 2.48 23.5 25.98 9.55 90.45

The carbon papers after electrolysis were dissolved in dilute HCI for later ICP-OES tests. The Co/Ni ratios
in the catalysts after long-term electrolysis stayed close to the as-prepared catalysts, indicating the

excellent stability of Co/Ni hydroxides.
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On-chip device fabrication procedures (Note 3)

Fabrication of the hydroxide devices. A free standing film was prepared by a co-solvent evaporation
method.?”® Typically, the hydroxide suspensions in ethanol (4 mL, ~2.5 mg-mL-1) were mixed with DI
water (6 mL) and n-butanol (2.5 mL). The suspension of hydroxides in mixed solvents was added drop by
drop into a flask (about 9 cm in diameter) filled with DI water. A film of hydroxides was then formed on
the water surface. In specific, a PMMA film was prepared by spin coating on the substrate (p++ silicon
wafer with 300 nm thermal oxide) surface with pre-patterned Ti/Au electrodes (20/50 nm). E-beam
lithography (EBL) was then used to open windows between electrodes on PMMA with desired patterns.
The as-prepared films of hydroxides were then transferred onto the substrate surface. After the removal of
PMMA template, hydroxides films were deposited on the device with desired patterns. To avoid
electrochemical reactions on the metal electrodes, another layer of PMMA (electrochemically inert) was
then deposited on the device with hydroxide film patterns and a smaller window that only exposes
hydroxides was opened by EBL. The final device, with exposed hydroxides was used for on-chip

electrochemistry and in situ electrical transport spectroscopy (ETS) measurements.

On-chip cyclic voltammetry (CV) and in situ electrical transport (ETS) measurements. A 2-channel
(Source/Measure Unit) SMU (Keysight B2902A or Keithley 2612B) was used for the CV and ETS
measurements.>"% 14 1 The first SMU channel was used as a potentiostat to control the potential of source
electrode as to the reference electrode (V:), while collecting the current (/) through the counter electrode.
An Ag/AgCl electrode (in 3.5 M KCl) and a platinum wire were used as reference and counter electrode,
respectively. In a typical on-chip CV measurement, the scan rate is 5 mV-s’!. The measured potential vs.
E agagc1 was converted to reverse hydrogen electrode potential (RHE) based on the Nernst equation, £ RHE
= E vs. agiagcl + 0.059 x pH + E°, where E° = 0.2046 V at 298.15 K. The second SMU was used to supply
a small bias voltage (50 mV) between drain and source electrodes and collecting the corresponding lateral

transport current (/ps).

Electrical conductivity calculations. The in situ electrical conductivity of on-chip devices were

calculated by

IDS.l

" Vs -w-h-N (55)

g

where Ips is the conductive current, / is the length of electrochemical window, w is the width of
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electrochemical window, Vs is the small bias voltage (50 mV) between drain and source electrodes, # is

the average film thickness determined by AFM, and N is the number of devices connected in parallel.

a b

Supplementary Figure S9. The typical thin film devices for on-chip CV and in situ conductance (ETS)

measurements.

Ag/AgCI reference electrode calibration
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Supplementary Figure S10. Potential calibration of the Ag/AgCl reference electrode. (a) Schematic
illustration for RE calibration. Pt foils were used as both the working electrode and counter electrode. (b)
Cyclic voltammetry curves for Ag/AgCl electrode calibration in 1.0 M KOH (99.999%) solution. (c)
Zoom-in of the (b). The CV tests were carried out after pumping high-purity hydrogen for 30 mins to
saturate the electrolyte. HER, hydrogen evolution reaction, HOR, hydrogen oxidation reaction. All

electrochemical data were presented without iR-correction. The size of carbon papers (C.P.) were 1 x 2

cm?.
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Note that all long-term electrolysis experiments used a Hg/HgO reference electrode, which is stable in
alkaline solutions. We performed calibration tests in 1 M KOH (99.999%) following the method described
in the literature.'® We found that the potential of the Ag/AgCl electrode (1.018 V) is very close to the value
calculated using the Nernst equation (0.059 % 13.8 + 0.2046 = 1.0188 V). Therefore, for relatively short-
term in situ tests (100 ~ 200 s) such as ETS, FTacV, Raman and EIS characterization, the potential values

calculated using the Nernst equation for the Ag/AgCl electrode are reliable.

In situ electrical transport measurements of the catalysts
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Supplementary Figure S11. The in situ electrical transport characterization (ETS) of a-Co(OH).. (a, b)
The activation of the a-Co(OH):2 thin film device during the electrochemical potential scan. (¢, d) The

comparison of different potential scan ranges (c) and scan rates (d) ETS results. The in situ conductance
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currents stay relatively very stable after activation.

a

! 1
L 1: Height Sensor 16.4 un

.d

Section

1000 | |

!
1: Height Sensor 10.0

Supplementary Figure S12. The average height of the devices characterized by the atomic force

microscopy (AFM) of a-Co(OH):2 (a-b) and a-Coo.sNio.s(OH)2 (c-d) catalysts thin films.
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Supplementary Figure S13. The in situ electrical transport characterization (ETS) of a-Co(OH)a. (a) The
typical ETS signals of the a-Co(OH): thin film device concurrent with the electrochemical potential scan.
(b) The differential ETS signals derived from red curves in (a), where the three regions are related with

oxidation of Co"-H»O*, formation of Co'

—OH* species and formation of high-valent OER related
CoV—0O*/OOH* active species. (c) The proposed “double exchange” interaction in the lattice of Co

oxyhydroxides according to the previous work.’
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Supplementary Figure S14. The in situ electrical transport characterization (ETS) of B-Co(OH)a. (a) The

typical ETS signals of the B-Co(OH): thin film device concurrent with the CV, which is much lower than

that of a-Co(OH)2. (b) The differential ETS signals derived from red curves in a, where the three regions

are related with oxidation of Co"-H20*, formation of Co*>*—OH* species!” and formation of OER related

Co"-OH* active species. (c) The proposed “double exchange” interaction in the lattice of Co

oxyhydroxides according to the previous work.’
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Supplementary Figure S15. The typical in situ electrical transport characterization (ETS) measurement

results of a-Co(OH)2 thin film devices in 1 M Fe-free KOH and the addition of 5 mM and 10 mM organic
substrates for (a) furfural, (b) HMF and (c) furfuryl alcohol.

2

O

—u— 5 mM furfural/OER
—e— 10 mM furfural/OER

Oxidation Current (furfural/OER)

L
o
EY

o
'S
I, (furfural/OER)

s
N
Oxidation Current (HMF/OER)
~

T
13

E vs. RHE (V)

T
1.4

INd

C0||

.8 1 —#— 5 mM HMF/OER
—e— 10 mM HMF/OER

o o o Iy
g & & 5
Ios (HMF/OER)

!
o
N

!
=3
5)

T T
1.3 14
E vs. RHE (V)

C
@ 16| ™= 5 mM furfuryl alcohol/OER
I-IOJ —e— 10 mM furfuryl alcohol/OER ' “
3 [ : 1*°
£ |Co i
—
I% 15 /’i \ Jos
5 — 1. ;r}
S ’
% \ / / K \I 1°°
£ 12+ .
] . | -l Joa
© Egg
c I Y 2
2 -7
r;é 0.9-{=-1" o2
8 CoV
T T T T T T 0.0
11 1.2 13 14 15 16
E vs. RHE (V)

Supplementary Figure S16. The statistical ratios of the measured in sifu transport current /ps in 1 M Fe-

free KOH and the addition of 5 mM and 10 mM organic substrates for (a) furfural, (b) HMF and (c)

furfuryl alcohol. The error bars are derived from three independent measurements with 3 thin film devices

for each substrate. The bulk CV curves are used to calculate the ratios of electrochemical oxidation current

(symbols in dashed lines) for better accuracy.
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Supplementary Figure S17. The d.c. CV activation of a-Co(OH)2 (a) and a-Ni(OH)2 (b) in the range of
0.9 V ~ 145V vs. RHE (100 mV/s) to achieve a steady surface state. All electrochemical data were

presented without iR-correction. The size of carbon papers (C.P.) were 1 x 2 cm?.
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Supplementary Figure S18. The electrochemical active surface area (ECSA) measurements for different

a-CoxNiix(OH)2 (x = 0~1) (a-h) and blank carbon paper (i).
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Supplementary Figure S19. The linear fitting results and the fitted slopes for ECSA calibration.
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Supplementary Figure S21. The measured CV curves of pure a-Co(OH)2, a-Ni(OH)2 and a series of
nickel doped a-Co(OH):2 hydroxides in 1 M Fe-free KOH and the addition of 5 mM and 10 mM HMF. All

electrochemical data were presented without iR-correction. The size of carbon papers (C.P.) were 1 x 2

cm?.
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Supplementary Figure S22. (a, b) The summarized CV curves of pure a-Co(OH)2, a-Ni(OH)2 and a
series of nickel doped a-Co(OH):2 hydroxides in the conditions of OER and EOOR. It can be seen that the
redox peak potentials of the catalysts gradually move to higher potential with lower concentration of cobalt.
There are both volcano shape relationships in OER and EOOR activity vs. Co contents plots (c, d). All
electrochemical data were presented without iR-correction. The size of carbon papers (C.P.) were 1 x 2
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Supplementary Figure S23. The OER-relevant Tafel slope analysis of a series of nickel doped cobalt
hydroxides a-CoxNiix(OH)2 (x = 0~1) under the condition of OER and electro-oxidation of different
organic substrates. Note that the OER-relevant Tafel slopes are derived from kinetic Tafel region at the
potential range of 1.5—1.6 Vrug, where the OER electro-dynamics are dominant, i.e., FEoer > 80%, which

is determined by the HPLC and GC analysis of products.
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Supplementary Figure S24. The comparisons of OER and EOOR catalytic activities of different a-
CoxNii-(OH)2 (x = 0~1). (a) The current densities of OER (@1.615 Vrue) and EOOR (@1.450 Vrug) of
different a-CoxNii-«(OH)2 (x = 0~1), where two sets of volcano-like correlations can be observed. (b) The
yield and FE of FDCA products in bulk electrolysis. Note that the catalyst with the highest yield is
consistent with the EOOR activity vertex in (a). Error bars were obtained from three independent

experiments.
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Supplementary Figure S25. The ETS (upper part) and CV (bottom part) signal ratios between EOOR
and OER conditions of representative a-Coo.sNio.s(OH)2 and a-Coo.15Nio.ss(OH)z2. Error bars were obtained
from three independent experiments.

To better reveal and quantify the key operando surface intermediates resulting from OER and EOOR on
a-CoxNiix(OH)2, we conducted further in situ ETS measurements for a-Coo.sNios(OH)2 and o-
Coo.15Ni0.85(OH)2 (located at two vertexes in Figure 2d), representing the best OER and EOOR catalyst,
respectively. The ratio of in situ conductance under EOOR and OER conditions (/ ETs_EOOR// ETS_OER,
averaged from three different measurements) were utilized to represent the surface M*"*—QH* (Co**—OH*
at low potentials and Co*"/Ni*”**—OH* at high potentials) relative variation from OER to EOOR, from

which we found the 7ets roor/IETs oEr and I cv eoor/I cv_oer could be divided into three potential ranges:

i) At the low potential region (1.10-1.20 VrHe), both a-CoosNios(OH)2 and a-Coo.1sNio.ss(OH)2
exhibit almost identical CV (~1.0) and a low | ets_eoor/l eTs_okr ratio (~0.20), indicating that these
two structures have similar initial inert surface states before their oxidation processes.

i) At higher potentials reaching the onset of Co/Ni oxidations toward high valence (+3 for Co and

+3/+4 for Ni) state (1.20—1.40 Vrre), the | cv_eoor/l cv_oer still remain low (~1.0) as no obvious
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EOOR occurs, while the OER-initiated surface oxygenated species (M3**—OH*) start to accumulate,

as indicated by the increased | ets eoor/l eTs_oEr ratios.

iii)  With the further increase of the applied potentials (up to 1.40—1.57 Vrue), the occurrence of EOOR
is reflected in the dramatically increased lcv_eoor/lcv_oer. Simultaneously, the competitive surface
co-adsorptions of organic substances and oxygenated species reach a relatively steady state, as

indicated by the relatively stable | ets_eoor /1 eTs _oer ratios, as shown in Figure S18. Overall:

e the a-CoosNios(OH)2 with higher in situ conductance ratio (I ets eoor/l eTs_oer ~0.80) exhibits better
OER activity,

e while the a-Co0o.15Nio.ss(OH)2 with generally lower ratio (I ets eoor/l eTs_oer ~0.40) exhibits better
EOOR catalytic performance, during which the majority of M*—QOH*/O* species are consumed for

organic oxidation (at actual electrocatalytic potential of ~1.42 VRrre).

This characteristic M**—~OH*-function correlation provides an effective parameter for catalyst design
toward optimal OER or EOOR performance. Different / ers roor/I ETs orr ratios are also observed from
organic molecules with varying functional groups (furfural, HFM, and furfuryl alcohol). As revealed by
the comparison in Supplementary Figure S16 and Supplementary Figure S25, we conclude that co-
adsorption of organics and oxygenate species generally exist in electro-oxidation processes assisted by

water oxidation, and that the surface coverage of aldehyde tends to be higher compared to -CH2OH.
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In situ Raman spectroscopy of Co/Ni hydroxides
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Supplementary Figure S26. The in situ Raman spectroscopy of pure a-Ni(OH)2 (a) and a-Co(OH):2 (b)
in 1 M Fe-free KOH. (c) The comparison of in situ Raman shift of four catalysts @1.60 V vs. RHE in 1
M Fe-free KOH. (d) The comparison of in situ Raman shift of a-Coo.5Nio.s(OH)2 and a-Coo.15Nio.s5(OH):2
@1.40 V vs. RHE with and without addition of 10 mM HMF.
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Supplementary Figure S27. The in situ Raman spectroscopy of a-Coo.sNios(OH)2 (a, b) and a-
Coo0.15Ni0.8s(OH)2 (¢, d) in 1 M Fe-free KOH. The electrochemical potential driven phase transition
(vibrational peaks at 475 cm™! and 550 cm™) appears at higher potential when the nickel concentration

increases.
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In situ electrochemical impedance spectroscopy (EIS) of Co/Ni hydroxides
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Supplementary Figure S28. The in situ EIS measurements of typical a-Coo.1Nio.9(OH): in the conditions
of OER and electro-oxidation reactions. (a-d) The Bode plots. (e-h) The Nyquist plots.
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Supplementary Figure S29. The in situ EIS measurements of typical a-Co(OH):2 in the conditions of
OER and electro-oxidation reactions. (a-d) The Bode plots. (e-h) The Nyquist plots.
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Supplementary Figure S30. Correlation of the charge transfer resistances (Rct) and electrochemical

potentials of a-Coo.1N10.9(OH):2 (a) and a-Co(OH):2 (b).

It can be observed that for optimal EOOR catalyst a-Co0.1Ni0.9(OH)2, the Rct value under OER conditions
is relatively large at electrolysis potentials (1.4 ~ 1.5 VruEg). In contrast, under the EOOR conditions with
three different types of molecules, the Ret Eoor values are all smaller than Ret oer, with the order of R-
CHO OR < R-CH20H OR < R-CH2NH: OR. For a-Co(OH): that tends to undergo OER pathway over
EOOR (with the lowest EOOR yields and FEs) on the other hand, the Rct roor value at electrolysis
potentials (1.4~1.5 VruE) is larger than Ret oEr.

Detailed products analysis by HPLC and GC (Note 4)

High performance liquid chromatography (HPLC) measurements. HPLC (Agilent 1260) test was
used to calculate the yield and Faradaic efficiency (FE) of the electro-oxidation products of furfuryl
alcohol, furfural and HMF. The HPLC column is Agilent Eclipse XDB-C18 (S5um, 4.6 x 250 mm). To
analyze the oxidation products of organics quantitatively and calculate the corresponding FE, 100 pL of
the electrolyte solution was removed during electrolysis at 1.42 V (at a three-electrode cell) and diluted to
1 mL with ultra-pure water and analyzing it by HPLC. The specific parameters for furfural and furfuryl
alcohol and theirs products are set as follows. The wavelength of the UV detector is set to 220 nm, mobile

phase A was methanol and phase B was ultra-pure water, the ratio of A:B is 2:8 at controlled 20 °C column
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temperature, flow rate is 0.6 mL/min. The ultraviolet-visible detector was set at 265 nm for HMF and its
products. A mixture of eluting solvents (A and C) was utilized. Solvent A was methanol and solvent C was
5 mM ammonium formate aqueous solution. Separation and quantification were accomplished using an
isocratic elution of 30% A and 70% C for the oxidation of HMF at controlled 30 °C column temperature.
The flow rate was set at 0.6 mL/min. The identification and quantification of the products were determined
from the calibration curves by applying standard solutions with known concentrations of commercially
purchased pure reactants, intermediates, and final products. The substrates conversion rate (%) and the
corresponding product yield (%) were calculated using equations (Furoic acid (FCA), 2,5-

furandicarboxylic acid (FDCA) and benzoic acid were quantified by HPLC):

n(substrate consumed)
n(substrate initial)

X 100% (56)

Substrate conversion rate (%) =

n(product formed)

Products yield (%) = n(substrate initial)

% 100% (57)

Gas chromatography (GC) measurements. To analyze the oxidation products of benzyl amine
quantitatively and calculate the corresponding FE, the total electrolyte solution was extracted with 20 mL
ethyl acetate after electrolysis (at an undivided cell) and analyzing it by GC. Gas chromatography
measurements were conducted on Shimadzu Nexis GC-2030 with a flame ionization detector and SH-
Rtx-1 capillary column (30 m, 0.25 mm ID, 0.25 pm df) for quantitative analysis of benzonitrile. For
quantitative analysis, the sample was injected for 3 times to get a mean value for one electrolysis.
Dodecane was used as the internal standard to quantify benzonitrile. The temperature of the column was
initially kept at 70 °C for 1 min and first increased to 150 °C at a rate of 10 °C/min. Then the temperature
was increased to 250 °C at a rate of 25 °C/min and kept for 3 min. Dodecane was used as the internal
standard to quantify the substrate and products. The conversion and the yields (benzonitrile and
benzaldehyde were quantified by GC) were calculated as follows:

1 — n(moles of amine)
n(moles of amine loaded)

Conversion rate (%) = X 100% (58)

n(moles of product)
n (initial moles of amine)

Yield (%) = %X 100% (59)

The calibration curves used to quantitatively determine the products concentration and the yield can be

found in Supplementary Figure S31 and Supplementary Figure S32.
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Supplementary Figure S35. The schematic (a) and photos (b-c) of experimental apparatus to conduct the

Fourie transformed alternating current voltammetry (FTacV) measurements.
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Supplementary Figure S36. The extracted 3™ (a, b), 4™ (c, d) and 6™ (e, f) harmonics in the conditions
of OER and HMF electro-oxidation. All electrochemical data were presented without iR-correction. The

size of carbon papers (C.P.) were 1 x 2 cm?.
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Supplementary Figure S37. The harmonics extracted from the FTacV measurements, (a, b) the spinel

derived oxyhydroxides catalyzed furfural oxidation, (c, d) nickel doped cobalt hydroxides catalyzed HMF

oxidation and (e, f) doped nickel hydroxides catalyzed BA oxidation. It is worthy to note that the current

densities and the main peaks potential of the harmonics in OER and electro-oxidation conditions

both stay relative very stable unless the organic substrates have been added. All electrochemical data

were presented without iR-correction. The size of carbon papers (C.P.) were 1 x 2 cm?.
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Supplementary Figure S38. The odd (7™) high-order harmonics of a-Coo.1Nio.o(OH):2 (a) and a-Ni(OH)>
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Supplementary Figure S39. The detailed Co and Ni sites clarification of a-Co(OH)2 (a), a-
Co00.7Ni03(OH)2 (b), a-Co0.5Nio.s(OH)2 (¢) and a-Ni(OH)2 (d). The “M” in main text represents Ni sites
because of its dominant Ni**~O Raman (Figure 2e-f and Supplementary Figure S27) and Process I
peaks, unless the Co composition is larger than 70%. The Co''-H20* = Co"'-OH* and Co"-OH* -
Co!'Y—OH* processes can be well distinguished in the a-Co(OH)2 and a-Coo.7Nio.3(OH)2 catalysts (a, b),
while the Ni''=H>0* = Ni'"V—OH* process is almost indistinguishable in a-Coo.sNio.s(OH)2 (c) and a-

Ni(OH)2 (d). All electrochemical data were presented without iR-correction. The size of carbon papers
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Theoretical explanations of high-order FTacV harmonics (Note 5)

The major advantage of the high-order harmonics extracted from the FTacV measurements is its ability to
separate relative fast electron transfer (E) from coupled electrocatalytic processes (C).'* To demonstrate
how high-order FTacV harmonics deconvolute the E and coupled C processes, considering a reversible
surface E (equation S61) and a homogeneous catalytic reaction (equation S61):
O(surf) + e~ = R (surf) (60)
R (surf) + S* — O(surf) + P* (61)
The analytical solution for the dc component (equation S62)'° contains terms from both E and catalytic
process. The first term is independent of potential and represents half of the limiting plateau current
associated with the coupled catalytic process. Thus the catalytic reactions contribute both the shape and

magnitude of the dc component.

o @D [ Bacorn (1) — Eporm\ @M ( Bacaorn (T) — Eorma 2N
denorm T 2 £ (2N|) 2 4
- (2N+1)<Eic ,,,,,,, (1) — Eformn ) AL 2N+1
. 2 norm
I o = (Keausin (27) + 2 cos (27)) Z NN D! ( 1 > (63)
N=0
- (2N+2)<Ed< ,,,,,,,, n(T) Eom) AL 2N+2
121,(1 norm — (* Kcatl sin (207’) + 22 cos (297’)) Z N (N n 2)' < norm) (64)
N=0
@N+1) ( Egenorm (T) — Ex?(’)rm) AR 2N+1
. 2 norm
Lo, = — (K.asin (3027) + 302cos (3027)) NZ:O TRV AT < i ) (65)

E (’T) E A E 2N+1
E (2N+1) dcnorm norm norm
I norm, odd — g * < 2 > ( 4 >

N (1) Y4 Kusin[ (2 +1)027] + (26 +1)R2cos[(2i +1)027]}
; (N — LN + i+ D) (66)
. = (2N+2 E dcnorm (T) E norm AE norm e
norn) even ~ Z: )< 2 ) < 4 >
(-1)"{~ Kucos[(2i + 1)027]+ (20 +1)2sin[(2i + 1) 27]}
Z (N—i)1(N +i+2)! (67)

Equations S63—S65 derived for the 1%, 2", 3 harmonic components also contain contributions from E
and catalytic processes. However, unlike the dc component, equations S63—S65 elucidate that the catalytic
processes do not contribute to the shape of the ac components because this feature is only determined by

the terms present within the summation notation, which are devoid of variables related to the catalytic
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reaction. Comparison of these two terms leads to the conclusion that the catalytic reaction contribution
becomes less significant the higher the order of the harmonic. The contribution from the catalytic
process is predicted to become insignificant when the harmonic order or frequency of the higher
harmonic is sufficiently high (6™ in this work).!® Therefore, according to the theoretical analysis,
contributions from the heterogeneous electron transfer process and coupled homogeneous catalytic

process can be effectively deconvoluted using high-order harmonics extracted from FTacV measurements.

Simulation of the FTacV harmonics
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Supplementary Figure S40. The simulated results of d.c. CV (a) and FTacV harmonics (b-f) using
MECSim program package using the “surface confined catalysis” mechanism.?° It is obvious that the
harmonics peaks are mainly originated from the oxidation/reduction of the transition metal active sites
(dashed red boxes) accompanied by M'-OH* > M!V-OH* + ¢ process. It is also need to note that there

are almost no harmonics peaks generation during Process II of OER.

52



Comparison of d.c. CV and FTacV harmonics at different potential scan rates
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Supplementary Figure S41. The comparison of d.c. CV and FTacV in the condition of different scan rate,
the capacitance have been converted by C = current density / scan rate. It can be seen that the redox peak
potential in a and c¢ varies with the scan rate, while the Process I peaks in (b) and (d) stay unchanged.
Therefore, the extracted peak potential well represents the AG of M'-OH* > M'V-OH* + ¢, excluding
the diffusion and chemical kinetic (electro-adsorption) impacts. All electrochemical data were presented

without iR-correction. The size of carbon papers (C.P.) were 1 x 2 cm?.

In classical d.c. CV, with the linear increasing of electrochemical potential, the diffusion of H2O/OH™ and
electro-adsorption of OH* proceed gradually when the scan rate was not so high. Then the peak potential
of M'-H,0* + OH™ - M™IV—QOH* + H0 + ¢ in the potential range of 1.3~1.4 V is influenced by both
diffusion of H2O/OH™ and electro-adsorption of OH* (In[fon+/(1—6omn+)]).
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In the FTacV measurement, the potential varies at a large amplitude of sinusoidal wave (E = E° + vt +
Asin(2mft)) so fast that the reactive species in the solution phase (such as H2O/OH") do not have enough
time to diffuse appreciably to the electrode surface. In such condition, only the electron transfer steps
involving pre-adsorbed OH*/H20* (with fast enough kinetics) would generate the current response at the
measured potential (in this work, M"'-OH* - MV-OH* + ¢~ or M'-"-H,0* > M""-OH* + ¢~ + H*-120
(bridge O)% 2!. The redox transition between these pre-adsorbed states do not involve solution phase
reactants and structural rearrangement, exhibiting much faster kinetics compared to other elementary steps
(kfust / ksiow > 10%), and thus solely contribute to the high-order FTacV harmonic signals. The specific
potential-dependent electro-adsorption process of OH* with slower kinetics leads to negligible FTacV

signal response, and would not be reflected in the overall FTacV results.
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Correlation coefficient between the two physio-chemical descriptors
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Supplementary Figure S42. The Pearson, Spearman and Kendall coefficients of two physio-chemical
descriptors, AAGEQORTOER and Afyy: /08&5, all of them indicate the relatively small correlation

between the two descriptors.

Mathematical correlation between the experimental parameters and two physio-

chemical descriptors (Note 6)

(1) The correlations between FTacV peak current (from high-order harmonics) and the quantity of the
electro-active sites can be found in previous discussions.'® 2226 Based on the general model of a single-
surface-confined electroactive species with a surface concentration that follows the Nernst equation with

no thermodynamic (single and constant E°) or kinetic dispersion (single and constant £°), the quantitative
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parameters including the surface concentration of active sites and rate constant (of the elementary step
corresponding to the fast electron transfer process) can be extracted from the simulation by fitting to

experimental data. In this work, the software package MECSim?® was used for such model simulation.

Briefly, the specific fast electron transfer steps of OER and EOOR in this investigation can be written as
M —QOH* - M¥"!-OH* + e~, where M=Co, Ni (+3 to +4). As a result, the A/ in FTacV exclusively reflects
the kinetics of this specific fast electron transfer step, which is proportional to the amount of
electrochemically active species (M3 —OH?*). This correlation can be demonstrated by the following

numerical expression:

CM8+_OH* (68)

) OC\ 8+ e aF(E — E%)
JFTacv X Tfast e—process = % = koexp [T

where cys+_oy+ 18 the surface concentration of electrochemically active species (M*—OH*). With the
experimental determination of the initial surface concentration of the active metal sites, ¢ys+_gy+ canbe

converted to s+ _gp+-

Furthermore, the water-assisted EOOR is a typical surface EC reaction. Once the electrochemically active
M3%—OH* species are generated, the reaction between MZ?*—Sub* and M?3"—OH* proceeds
spontaneously. Meanwhile, the adsorption of organic substance to form M2*"—Sub* will in turn reduce
the available sites for the OH* adsorption, practically reduce the surface coverage of M**—OH* (as
compared to intrinsic M**—OH* coverage during OER). Hence, this work focused more on the change in
coverage of active M?*"%—OH* species (designated as ABfgy- /98&5 = (BSE*OR — 9855) /98&5 ) by
calculating the relative change in harmonic peak currents, rather than extracting the absolute values of

Cms+_om+ OF Oys+_oy+- Specifically, at the fixed potential:

EOOR-OER EOOR ER 17 .EOOR OER
AIhaor?noniocs _ Ih:?r(r)nonics B Il?armonics _ k (Csurface oH* ~ Csurface OH*
JOER — — JOER - k' cOER
harmonics harmonics surface OH*
EOOR ER EOOR ER EOOR-OER
(651?r(f)ace OH* — Csourface OH*)/Coverall sites _ 9039 - 68]_1* _ AHOgQ 0 69
- OER - OER - OER ( )
Csurface OH*/Coverall sites BOH* HOH*

(2) It should be noted that, experimentally measure precise AG values for each elementary step is
extremely challenging, as the observed electrochemical potentials were intrinsically determined by both

equilibrium potential of the reaction and the activation energy barriers regarding the transitions state, and
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the non-single-crystal surfaces of NiCo oxyhydroxides casts further challenges for experimental
measurements. However, the AVharmonics in FTacV reflects the changes in AG under OER conditions and
different EOOR conditions, i.e., AAGEQOR"OER (definedas AAGEIOR™OER = AGEOOR — AGIER), which
can therefore be used to evaluate the variations in different EOOR reactions that share the same
thermodynamic parameter with OER pathway. The measured AVharmonics (V) values using FTacV is
numerically equivalent to A(AGon=) (eV) to evaluate the variations in different EOOR systems that share
the same thermodynamic parameter. This parameter is of great significance towards catalysts design as it
represents an intrinsic thermodynamic factor that determines whether the electrocatalytic reactions favors

the EOOR or OER pathways, which can be rationally modulated by tailoring the electronic structures of

metal sites for different organic substances.
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Supplementary Figure S43. The high-order (6™) harmonics of a-Coo.15Nio.ss(OH): (a, ¢) and a- Ni(OH)2
(b, d) in pure 1 M KOH and the addition of 10 mM toluene and cyclohexene, respectively, where the
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signals show almost no significant variation. All

electrochemical data were presented without iR-

correction. The size of carbon papers (C.P.) were 1 x 2 cm?,
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Supplementary Figure S44. The color maps drawn by the data derived from FTacV for (a) FCA yield
(oxidation from furfural), (b) FDCA yield (oxidation from HMF), (¢) BN yield (oxidation from BA), (d)

benzaldehyde yield (oxidation from benzyl alcohol) and (e) benzoic acid yield (oxidation from benzyl
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alcohol), respectively. The summarized results can be seen in (f), where the reactive “hot zones” of
different substrates can be separated clearly. Note that the “Eq.2” in abscissa axis represents the

reaction 2 in the main text.
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Supplementary Figure S45. The catalytic activity diagrams for EOORs, constructed by two operando
physio-chemical descriptors and four key parameters, conversion, yield, selectivity and FEs. Note that

the “Eq.2” in abscissa axis represents the reaction 2 in the main text.

Specifically, for model EOORs that have relatively easy-to-activate substrates with few side reactions
(confirmed by the HPLC/GC quantification, see Supplementary Fig. S31), the conversion is generally
high, and the reaction yield is equivalent to the selectivity. In case of multiple possible products (such as
alcohol to aldehyde or carboxylic acid conversion) when selectivity is critical, it can be divided into two
separate reactions (alcohol to aldehyde and alcohol to carboxylic acid) for performance consideration.

Furthermore, FE corelates to the overall energy efficiency in EOORs and reflects other non-organic side
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reactions such as OER. It is therefore a relatively independent parameter from yield /selectivity offering

additional information.

Activity diagrams obtained by d.c. CV
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Supplementary Figure S46. The activity diagrams drawn by the data extracted from d.c. CV of a series
of Ni doped Co hydroxides for (a) yield of FCA (oxidation from furfural), (b) yield of FCA (oxidation
from furfuryl alcohol) and (c) BN yield (oxidation from BA), respectively. The summarized results can

be seen in (d), it is obvious that the reactive areas of three substrates overlap with each other.
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Supplementary Figure S47. The activity diagrams drawn by the data extracted from d.c. CV for (a) FCA
yield (spinel derived Co oxyhydroxides catalyzed furfural oxidation), (b) FDCA yield (a series of Ni doped
Co hydroxides catalyzed HMF oxidation) and (¢) BN yield (mental doped Ni hydroxides catalyzed BA
oxidation), respectively. The summarized results can be seen in (d), it is obvious that the reactive areas of

three substrates overlap with each other.
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Mechanism analysis of alcohol and amine oxidation (Note 7)

For the amine oxidation, the mechanisms including:?! %’

possible RDS
R — CH,NH, ——— > R — CH,NH - R — CHNH - R — CHN > R — CN (70)

The simplified amine oxidation process including four dehydrogenation steps.

For the alcohol oxidation, the mechanisms including:*’

possible RDS
R — CH,O0H ————— R — CH,0 -» R — CHO »— R — COOH (71)

The simplified alcohol oxidation process including three dehydrogenation steps and one OH insertion step.

Due to the larger pKa of R-CH2NH2 than R-CH20H, the energy barrier for R-CH2NH:2 oxidation is larger
than R-CH20H oxidation.

Theoretical considerations on the thermodynamic and Kkinetic contributions in

AVharmonics Slgna|S (NOte 8)

In classical d.c. CV, with the linear increasing of electrochemical potential, the diffusion of HO/OH™ and
electro-adsorption of OH* proceed gradually when the scan rate was not so high. Then the peak potential
of MI-H,0* + OH~ > M"IV—OH* + H»0 + ¢ in the potential range of 1.3~1.4 V is influenced by both
diffusion of H2O/OH™ and electro-adsorption of OH* (In[Bon+/(1—6on~)]).

In the FTacV measurement, the potential varies at a large amplitude of sinusoidal wave (E = E* + vt +
Asin(2nft)) so fast that the reactive species in the solution phase (such as H2O/OH") do not have enough
time to diffuse appreciably to the electrode surface. In such condition, only the electron transfer steps
involving pre-adsorbed OH*/H2O* (with fast enough kinetics) would generate the current response at the
measured potential (in this work, M"'-OH* - MV—OH* + ¢~ or M"'-H,0* - M"-OH* + ¢~ + H*-120
(bridge O)% 2!. The redox transition between these pre-adsorbed states do not involve solution phase
reactants and structural rearrangement, exhibiting much faster kinetics compared to other elementary steps
(kfust / ksiow > 10%), and thus solely contribute to the high-order FTacV harmonic signals. The specific
potential-dependent electro-adsorption process of OH* with slower kinetics leads to negligible FTacV

signal response, and would not be reflected in the overall FTacV results (see Chapter 3, Zouraris Dimitrios,

62



Electrochemical study of redox enzymes and their utilization on modified electrodes, Doctoral Thesis).
For better clarifying this issue, the Equation 1 was updated to include more surface details in revised
manuscript as: M!'=H,0* = M"-OH* + ¢~ + H*-p20 (bridge O). Moreover, the rate constant k of the
fast electron transfer step, as a function of pre-exponential factor and activation energy (7)), would not
demonstrate apparent change without the structural variation of the M!"-OH* and M''-H>O* sites, even

in the condition of EOOR.

Based on the above analysis, the principal peak potential of high-order FTacV harmonics directly reflects
the standard (or formal) electrode potential of the fast electron transfer steps (electron transfer steps
involving pre-adsorbed OH*/H20%*), reflecting no impact of diffusion or potential-dependent chemical
kinetic limitations.?® Therefore, the experimentally extracted value of AVharmonics in high-order FTacV
harmonic signal mostly represent the change in AG of Eq. 1 and/or Eq. 2 in the main text, with negligible

kinetic contribution of other elementary steps.
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