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Supporting Information 1: Derivation of electric circuit-like reaction rate

equations by chemical potential notation

Supporting Information 1-0: Chemical potential notation

The chemical potential notation in heterogeneous catalysis was developed and applied in our
other works.! In order to give a clear depiction, the main derivation steps are listed in the
beginning of this supplementary information. Firstly, the basis of the concept is to express

chemical potential of a surface species in the Langmuir adsorption paradigm:

ﬂz(T,91)=;z,”(T)+RT1nZ’ :E"”+Ay,(T)+RT1nZ’ (1)

* *

where 6, and 6, represent the coverage of adsorbed species / and free sites * on the surface;
E” 1is the total energy which can be gotten from DFT calculations routinely, x stands for

the chemical potential. For gas phase species, the chemical potential can be expressed as:

IUX(TapX)Z,U;(T)-i-RTln%:E"”+AluX(T)+RT1n% (2)

where P,/ P° stands for the relative pressure of gas phase species X. Besides:

Au(T)=[H(T)~ HOK)] - TS(T) 3)

Since the difference of enthalpy in different temperature is small and the entropy of surface
species is usually very small, we deem that Au(T) is zero for surface species (including

transition states) and -7S(7) for gas phase species throughout the paper. In fact, the energy

corrections can be readily included in the chemical potential terms.

For simplicity, we will drop the labels of temperature in the following:

4, = 1 +RTn g 4)

P,
yX:y;’(—TS(T)—i-RTInP—); %)

The rate equations of the generalized two-step model

dsorpti desorpti
}{’1 (g) +n %k adsorption I’lI % esorption Pn (g) +n S

can be formulated under the framework of transition state theory as:
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k,T =29
rdex = BTe K 0]” (1 - Zdex) (7)
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where AG is the standard Gibbs free energy in the transition state minus that in the reactant

state, K, represents equilibrium constant of a reaction. In the subscript, we use R (P) to

represent R, (P,) for simplicity. The reversibility (z) used in our current work is the
reversibility defined Dumesic,>* The definition and its physical meaning are presented briefly

as follows:

The affinity for step i is simply its thermodynamic driving force, which can be expressed in

terms of the activities of the species present in the reaction mixture:
A4, ==>"v,G, ==>"v,[G) +RTIn(a;)] (10)
J j

where v;; 1s the stoichiometric coefficient for species j in step i (negative for reactants and
positive for products), a; is the activity of species j (related closely to its concentration),
Dumesic defined the reversibility of step i, z;, as

A ja;i’
.= —L e — 1 1
K exp( RTJ K (1

eqi

Based on equation (4) and (5), the rate equations above can be rearranged as follows:

k Hr—Hg*
B

Vads = h e * 9*” (1 - Zad.v) (12)
Ur—p”
rdex = k‘ZT e K H*nzadx (1 - Zdes) (1 3)
Hi—HR
Zads =e K (14)
Hp—Hy
Z,, =e f (15)



Hp—Hp

— RT
Z, =€

p V4

s (16)

= Zdes
where u;° () is the standard chemical potentials of the transition states of the adsorption

(desorption) processes; 4, (u,) stands for chemical potentials of the reactant (product). It is

worth mentioning that g, represents total chemical potential of n/* , under this

circumstance, equation (4) should be reformulated as:

7 :,u;’-i-nRTln% (17)

*

Besides, the chemical potential of free site * is zero.!

We further introduce an adjusted equilibrium constant in order to simplify our formulation. It

is defined as:

Hp—H] Hr—H]

! PR R
KeqlzKeql*F:e RT *F:e RT (18)

The overall reaction rate should satisfy r»=r, =r, at the steady state.* Thus, from equation

(12)-(16) and together with r, =r, , we obtain:

kT Hr—Hg’ Hp—Hg kT Hr—Hp" Hr—Hp Hp—Hy
e W QN(I—e )= W W (1-e ) (19)

After simplification:

Hr—Hg" Hp—Hp”
Hy RT RT
o e +e
et =———————— (20)
—HR —Hp’

eRT +€RT

Substituting it into z,,

g —Hg” tp=pp” "o 7
M —Hr THR RT RT RT RT
s —e R :eRTe +e :e +2z,€e (21)
ads —Hz° -1y’ 1y Hp”
e RT +e RT e RT +e RT
Besides, according to equation (17):
0 H—py ey =)= — 1) Mg —H]
(_1)" =e R = e R = Zad.ve R = ZadsKe:ql (22)

6*

We subsequently apply 6, + 6. =1 conservation condition to obtain the free site coverage:



1

0 =——n-— (23)
1 + n\' Zad.erql
Then, rearranging rate equations (12) and (13):
7 T M
radse K :BTeRTQ*" (1_Zads) (24)
#“ .
a1 =0 (= 20) (25)
rau'se K + rllese k= 0*” (1 - Zadx) + e*nzads (1 - Zdes) = 9*” (1 - Ztat) (26)
Since r=r, =r, under steady state, equation (26) can be further simplified as:
Hr
RT 1 _
R @7
h Hr HpT
(e RT +e RT )
Substituting 6. into equation (27), we finally get:
T M 1—
rtt e ) (28)
(e +e® )(1+4[z,, K., )"
Hp e
eRT 47 RT Hr=H] Hp—Hp . .
where z, = pT ’“’#F,n , Kly=e ™ |z, =e® =z, z,, according to equation (21), (18),
el ekl
and (16).



Supporting Information 1-1: Gas-phase catalytic reaction
In order to depict our derivation clearly, we start from a simple gas-phase reaction:

R(g) > P(g)

Using the chemical potential notation, we can formulate its rate equation as follows:

+0 £,0
k T Hr—H Hp—HR Hr—H
B
e _e

e W (l-e M )=Te W (1-z) (29)

where u stands for chemical potential and z, is the reversibility of the overall reaction.

r

Then, we assign some notations which are analogous to that of circuit:

AGy = i = iy (30)
AGR*
K, =l 31)
h
R =L (32)
R — kR
U=1-z (33)

Substituting them into Eq.(29), we get:

Ur=i
r:kBTTe RT (l—z,):Ri (34)

R

which is exactly the same form of Ohm's law. The scheme below is the circuit diagram that

indicates this reaction.

Ry
| p— |
e

h
L
U

Figure S1: circuit diagram that indicates reaction R(g) — P(g).

Next, for a more complicated gas-phase reaction:

R(g) ladsorption I(g) 2.desorption P(g) (3 5)

We can formulate its rate equation as follows

kT = Hp—Hg kT M=’

f=te Mo (l-e M)=Ste W (1-z) (36)
kBT =1 Hp—Hi 5 /’Rf*’;o

R L RS- R 67



Hp—Hp

z,=e T =2zz, (38)
At the steady state, the concentration of intermediate I remains constant, therefore r=r=r,.

With this condition and by simplifying the form of z , we can get:

efl +zekl
z =——— 39
oo omr (39)
eRT +eRT

Substituting it into equation (36), we can get:

Hr

kT ef (1-2z)

. (40)
e RT +e RT
Similarly, let us define:
AGy = " = g3 AG, = 15 — (41)
kT AGY? kT A%
kRnge RT ke, = ‘;l e R (42)
1 1
Ry =—;R, =— 43
=R (43)
U=1- Z (44)
Thus, the rate equation (40) can be simplified as:
Hr —
pfolor L22) U (45)
h M M R, +R,

(e R + eﬁ)
which can be schematically seen as follows:

RR RP

Figure S2: circuit diagram that indicates reaction R(g) — I(g) — P(g)



Supporting Information 1-2: Heterogeneous catalytic reaction (case 1)

Above two examples exhibit electric circuit-like gas-phase reaction rate equations, which is
relevantly simple. For heterogeneous catalysis, however, it will be a bit more complicated
with the incorporation of surface free site. We apply the generalized two-step model we used
previously® to show our derivation:

R(g)+n* — nl* > P(g)+n* (46)

Applying equation (28), the reaction rate can be expressed as:

Hr
RT

1— Hr 1—
"= kl;lT eﬂ""( !Zli? 6*)1 :kBTTeRT we yg” Zt) (47)
(e +ekr) (e +er )1+4/zK.,)"

Since there is free site term 6, in the equation, it should also be included in the electric

resistance term (R). We define:

AGy = 1 = s AGE = 117" = (48)

AGR° AGR”
kRzkgTT T RT ;kP—kBTTe RT (49)

1 1
RK,R = E;RK,P = E (50)
1 T\
R, =E=(1+leKeql) (51)
Ry =Ry xR iR, = Ry R, (52)
U=1-z (53)
Finally, we get:
Hr _

r=k‘9—TeRT (-z) v (54)

h R "R 4R
(e® +ef )1+yzK.,) "

which is exactly in the same form as that of equation (45), and the same circuit diagram. It

should be noted that electric resistance terms (R) here include free site (6,) term.



Supporting Information 1-3: Heterogeneous catalytic reaction (case 2)

Some catalytic reactions have several different reaction pathways from reactants to products
(Fig. S3):

/
MR

#

Hpy

+£

£ p‘PZ
Mr2

Hi:
Hr

Mo
Hp

Figure S3: energy profile of heterogeneous catalytic reaction (case 2)

In this case (two pathways: path 1 and path 2), the total rate equation can be derived as

follows:

Hii—Hr Hia—Hp
— RT . — RT
z, =e Z, =€ (55)
Hp—Hp Hp—Hi2
— RT . — RT
z, =e 32y, =€ (56)
Hp—Hp
— RT _— —
z =e = 21121 T 22y (57)
4 — RT . 4 — RT
Keqll =e ’KquZ =e (58)

With these pathways specified notations, we get the rate equations of these two pathways:
MR
RT —
= kT e (1 Z'Zt,,) o (59)
h Hiy i

(eﬁ + eﬁ)

Mg
_k,T e (1-z) .,
I’Z = h WH* (60)

(eRT +eRT)

where

9*

1
= , , (61)
1+ (/ZnKeqn + (/ZIZKEqIZ

Then the total reaction rate r can be expressed as r =7 +r, :

10



/17’(
r=r+r= kZT efr (1-2z2,)0."( = ! + ! ) (62)

*,0 #.0 #.0
oy Hiy Hxn

eRT +eRT eRT +eRT

Similarly, we define the Gibbs free barriers:

AGy = 1" = s AGL = 153" — (63)

AG, = 15" — g3 AGL, = 15" — 1ty (64)

and the corresponding rate constants:

T _AG,’e;” T _AG},;”
AGRy AGpy
by =S sk =L (66)
Similarly, the driving force and the kinetic resistance are:
U=1-z, (67)
1 1
R py=—:Repy=— (68)
K ,R1 km K,Pl km
1 1
RK,RZ = k_Rz’RK,Pz = k_PZ (69)
Then, the thermodynamic resistance is:
1 ! ! n
R, = o =+ (/ZnKeqn + (/leKeqlz ) (70)
and the total resistance is:
Ry = RK,RIRT;RPI = RK‘PIRT (71)
RR2 = RK,RZRT;RPZ = RK,PzRT (72)
We eventually have:
k,T %2
r= e (1) (b )t (73)
eﬁ N eﬁ eléizT N eﬁ Ry +Rpy  Rypy + Ry,
Also, the selectivity (S) of the reaction can be formulated as:
s U, Uy Ryt Ry RiwotRep (74)

rZ Rl RZ RRl + RP] RK,RI + RK.P]
We can see the parallel reaction can be exactly viewed as a parallel circuit of path 1 and path
2 (Fig. S4):

11



Figure S4: circuit diagram of heterogeneous catalytic reaction (case 2)
It should be noted that, in this case, different from gas reaction, the resistance is not only
determined by kinetic resistance ( R, ), but also determined by thermodynamic resistance ( R, ).
More importantly, if all the steps of the reaction need the same sites (6. ), the thermodynamic
resistance is the same, and the difference of total resistance is determined by the kinetic
resistance. Therefore, the selectivity of the two parallel paths is totally determined by the
Gibbs free barrier of each path.

Comparing to the electric circuit, the reversibility ( z,) is similar to the voltage (U,):

R, . +zR R

2, = k.p1 T 2 ri —1-(1-z) KRl (75)
Ry g + Ry py Ry g + Ry py
R
U=l-z,=—28__ U (76)
Ry gy + Ry 5y
UZZZII(I_ZZI):LU (77)
Ry ri + Ry py

We can see that in the same serial reactions, the voltage across each of the barriers is in the

same proportion as their resistances. This corresponds well to that of serial circuit.

12



Supporting Information 1-4: Heterogeneous catalytic reaction (case 3)

If two paths lead to the different productions P1 and P2 (Fig. S5),

/
Mr:

”

Hpy

+

2 ”P2
Mr2

M1
Hr
Hio Hey
Hp2
Figure SS: energy profile of heterogeneous catalytic reaction (case 3)

we can derive its rate equation as follows:

1-z U, U,
)=y 7 (78)
i i My Hpy R, +R R,,+R
eRT +€RT eRT +6RT R1 P2 R2 P2

k,T *“
r="E R’ (
U

h

1-z

and the selectivity of the two paths is

s Un

T

/ Uy 1=z, Ry + Ry _1-2, Ry ro + Ry py R o + Ry
R R, l=z, Ry + R, 1-2, RK,RI + RK,Pl RK,RI + RK,Pl

(79)

Its circuit diagram can be depicted as follows:

RRI RPI

RRZ RPZ

UPI Up2

Lo

Figure S6: circuit diagram of heterogeneous catalytic reaction (case 3)



Supporting Information 1-5: Heterogeneous catalytic reaction (case 4)
Finally, for a complex reaction (Fig. S7), we can deem it as a mixing of serial and parallel

circuit (Fig. S8).

/.
Mg

Mo

Mo
Hp

Figure S7: energy profile of complex heterogeneous catalytic reaction (case 4)

Re, Rp,

Figure S8: circuit diagram of complex heterogeneous catalytic reaction (case 4)

By defining:

AG, = 1 =ty (30)
AG;I = :u;io - ﬂR;AG;l = :u;io — Hp (81)
AG;2 = :u;’zo - /UR;AG;z = #;,20 — Hp (82)

we thus have:

kT 25
kg =—"—e " (83)
h
kT AGRY kT AGHY

kg, :BTe K skpy = 2 e &7 (84)

14



ke, T 2% kT 2%
=— =——e

ke p e’ sk, = p RT
and the kinetic resistances as:
Tt
an==ziﬁRKfl=%i-
RK32==%i;;RKy2==%%:

and the thermodynamic resistance as:

1 p—
0!

R, =

! ! ! ’ ’ n
(1 + dZIOKquO + dZIOZIIKquOKquI + '\'/Zloanequeqn )
Combining them, it gives:

R

70

=R

K,I0

R

T
RRl = RK,RIRT;RPI = RK,PIRT

RR2 = RK,RZRT;RPZ = RK,PZRT

Then, the total resistances of two paths are:
1 1 1

= +
R[ RRl + RPZ RR2 + RP2

With the driving force U =1-z,, we eventually get:

tot

T “r
re U Bz o )

R,+R, A

e Rl +

<0 <0 #0 %0
Hri Hpy HRr2 Hpy

eRT +€RT eRT +eRT

15
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Supporting Information 1-6: General case for serial catalytic reaction
For a general serial catalytic reaction (Fig. S9):

R +n*eonR*onR*—>..onR _*R +n*

R 1 RZ Rm— 1 Rm

Figure S9: circuit diagram of general serial catalytic reaction

By defining the following:

R :i;R. =R

T 9: i K,i

1
R, =—; R
Tk

T
the total resistance can be written as the sum of individual resistance:
Rk,mz = ZRKJ
i=l1

Assuming z, =1, the overall voltage is:

Specifically, the voltage on each resistance is:

J=i-l j=i

U, = H z; —sz = IfK’i U
=0

Jj=0 K ,tot

where

Jj=i Jj=m
j=i z E R .+§ R, .
1L j=1""K.Jj j=i+l” K.Jj

z. =

J R

K ,tot

Jj=i Jj=m
z R, .+ E R, .
1 b j=1" K.J j=i+l K.j

Z = j:i—lR j:mR
Z’Zj:l K.j +Zl/:i K,j

The final reaction rate is:

16
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=z) g (104)

where:

(105)
At the steady state, we have:
r:ri rz_ :rm—lzrm (106)
The above rate equations can be finally expressed as a voltage-resistance term:
j=i-l
U. ]/;(I): Zj (1 - Zi)
e (107)

R, R,

1 1

where U;, R;, and z; are defined in equations (101), (98), and (100), respectively. It is worth

mentioning that equation (107) is regarded as the “standard reaction rate forms” that will be

used for iteration in our reversibility iteration method.

In our derivation, the reaction networks appear naturally to be equivalent to the electrical

circuits. Similarly, based on our formulism, if we redefine the reaction rate (r) to flex

displacements (x), and the driving force of the reaction (1-z;) to spring force (F), the reactions

network can also appear to be equivalent to the spring system.

17



Supporting Information 2: Examples of our methods in practical catalytic

reactions

Prior to discussing the practical catalytic cases, we briefly describe the strategy to obtain the
accurate kinetic solution, i.e. the so-called “benchmark”, aiming to evaluate the relative error
of RIM method. Firstly, it is worth noting that an automatic code based on MATLAB has been
developed in our group. The code can read energy inputs, generate the expressions of reaction
rates and steady-state equations, and solve these equations by modified Newton iteration
method with arbitrary precision. Nevertheless, the Newton iteration method, which only
works when the trial guess is within Newton's domain of convergence,’ cannot guarantee to
converge for every initial guess. To obtain an efficiently accurate solution as a benchmark, we
tried various methods to obtain a proper initial guess of coverages for the Newton iteration
method with arbitrary precision arithmetic, such as the Gibbs distribution, ODE solution at
different initial conditions or time intervals,® and using a nearby-point solution along volcano
curve® or even random initial guesses until the correct solution was found. With the extensive
tests, for ammonia synthesis and iodine reduction reaction which are two used example
reactions, we fortunately obtain the solution at each point along the volcano curves, although
they were extremely time-consuming to solve. Additionally, for some simple cases such as
iodine reduction reaction, we also directly solved them with an analytic way by MATLAB
and used the solution as the benchmarks. Overall, we have used these approaches to calculate

the total rate () as the benchmarks.

Supporting Information 2-1: Hydrogen evolution reaction (HER)

In addition to the reactions in series, our method can also apply to the reaction complex
networks involving both series and parallel reactions. As shown in the supporting information
(see sections from 1-3 to 1-5), the reversibility iteration equations for parallel reactions
(SI-1-3 and 1-4) and complex networks (SI-1-5) have been constructed. Also, as stated in

SI-1-6, every reaction step can be expressed in a voltage-resistance form: R, :ﬂ, which can
V.

i

be rearranged as:
pete= 2 (108)

It is named as the “standard reaction rate equation” that is used in the iteration in our method.
To show the applicability of our method to parallel and complex reactions, hydrogen

18



evolution reaction (HER) is chosen as an example. HER seems to be simple; however, the
generally accepted mechanism contains steps occurring consecutively and parallelly. The
reaction starts with the following step:’

D Hayte +*—H*
in which H* adsorbs on the surface of a catalyst by receiving an electron, forming an adsorbed
hydrogen atom (H*). Subsequently, two H* can combine together to generate H> and desorb
from the catalyst surface following the Tafel mechanism:

I1) 2H* — Hp+ 2*
Alternatively, H* can be directly protonated to produce H» following the Heyrovsky
mechanism:

I H*+Hagte >Hy+*
We can formulate their rate equations as follows:

Myttt —p°

=l gy 22022 (109)
h RK,I
2/1[14r +21ug, -5 2 201
L PR i Ut (110)
h Ry,
2pt, 20 =15 _
,%:kBT — &r 9*21(1_23):M (111)
h RK,}
Hipy =24, =20
z,=e M =z'z, =27z, (112)
According to the definition of reversibility, we can obtain:
Hyge=Hy e —H
O,=e K z0,=M_z0, (113)
Since 6,+6. =1, we have:
0. =1+ M,z (114)

In the following, we show how to translate this problem into ‘standard reaction rate
equations’. Firstly, under the steady state condition, following the conservation of mass and
the thermodynamic consistency, we have:

r=r=2r+r (115)

2z, =\[z,52,= 2, (116)

which can be expressed in the following standard form:

r=r, =rn+n;where 1, =r,1n =2n,1 =1, (117)

ZZ,=\z,,2,Z,=z,;where Z =z,Z,=4lz,,Z, =z, (118)

19



Then, converting the rate equations above into a standard form similar to equation (108), we

can write:
fer=—ga-z)=2022) (119)
K.l K1
r2'=2r2=L29*zl (1+4z2,)8.7, (1—\/Z)=M (120)
RK,2 RK,z
fmn =0,z (-2 = 2 AUZ2) (121)
K3 RK,3
where
R, =Ry, (122)
R,=R ,— L (123)
520,21+ \2,)
R;<,3 = RK,3 (124)

Substituting equations (119)-(121) to equation (115), we can obtain:

Z :l/R;f,lJr\/Z/R}(,Z—’_ZI/R}(,} (125)
" YR, +1/R, +1/R,

The corresponding circuit-like diagrams are shown in Figure S10. Thus, the RIM
procedure can be performed. We used the analytic solution solved by MATLAB as the
“benchmark”, and the results are shown in Figure S11, which verifies the reliability of our

method.

Figure S10. Circuit diagrams of the hydrogen evolution reaction.
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Figure S11. Plots of (a) TOF of HER, (b) relative errors of each TOF, and (c) the number of iterations at
different adsorption energies of the key intermediate (H) obtained by the reversibility iteration method. It

should be noted that the used energetic data for HER here is taken from Ref. &,
Supporting Information 2-2: Ammonia synthesis
Ammonia synthesis (N, +3H,«—>2NH,) is a very important catalytic reaction in industry.

Generally, its mechanism can be described as follows®:

H,+2%«—2H*

N, +2*<——2N*
N*+H*<«— NH *+*
NH *+H *«—— NH, *+*
NH,*+H *<— NH, +2*

To the benefit of formulating rate equations, we can write above reactions as follows:

H,+2*¥«—2H*
N, +2*¥<——2N*
1

ENz +%H2 +2%«— NH *+*

1
ENZ +H, 2% ¢——> NH, *+*

Iy 3N, 420
2772

The corresponding rate equations are:

21



kBT eﬂHz *ﬂf‘” B 6*2 (1 _ Zl)

7= RT Q2 (1—2z)= 126
=L 0-2)=" (126)
iy =15 201 _
rz:kBTe &7 93(1—z2)=—9*(1 z) (127)
h Ry,
1 1
ky T PaiaFschial Z#HZ N 0:\z,z,(1-z,)
K= \/2122(1 Z)=———— (128)
K3
2/‘N2 + iy, ﬂ4 0*2 1_
L I N X P L) (129)
K4
13 ‘o
E/INZ +5!‘112 —HsT 02 3 1 _
yszk‘;lTe R 02z z2,2,2,(1-z5) =— ZIZ2RZ3Z4( %) (130)
K.,5
where:
Huy —Ha
6,=e |26, =M /26, (131)
Hyy —HoNx

O,=e X [2,6, =\[M, [z,06, (132)

1 1
SNy +§/’H2 ~Hnr+

O =e RT 22,260, = M,\|z,z,2,0. (133)

1
E.uNz + My ~HNH,*

O, =€ RT 2\ 2,2,2,0. =M ,z,\|2,2,2,0. (134)
Since 6, +6, +6,, +06,, +0.=1, we have:

0. =1+ Mz, + Mz, + M\|z,2,z, + M ,z,\|2, 2,2, (135)

where R, refers to the kinetic resistance. In addition, it should meet the following two

requirements:
2z, =12 2,2,2,2; (136)
2
725’122”2:”3:”4:”5 (137)

Then, we convert the rate equations above into a standard form:

3 R, 34z + Ry

2,12 ”f o0 =07 (138)
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, 1+ 27 (1—
n=2n= 1 2(—\/3;2)63\/;(1_\/2):%
Z

RK,2 \/7 K2

. 11 0:2.7,(1-Z,)
fmn =g O En -z = SR

k3 41 RK,3

0’27.2.(1-Z
L1 re(-z,)= 2212 2,)

Rey [z, Ry,

=1 =

2 p—
r5' == 1 6: 21322 z,z,(1-z5) = o ZlZZZ}vZ4 d-Z)
K5 Ry s

where:
|37 7 -7 — .7 _
VARNVARVACNV-RVAES RVIES RV
3
Z, =4\2,2,232,2, = 2,2, 2,72, Z

3(+z+2)

,1:R1<,1E 1+\/§
\/T

' y4
R =R —N1
20+ z,)

Ry

RK,3 = RK,3ZI
RK,4 :RK,4 V4
RK,S = RK,S

where the translation relationships could be seen clearly:

Hi, —Hop+

0, =e % 20, = [K B \z0

Hyy —Ha N+

0, =c * [z,0. = [K P, \z,0.

1 1
E#Nz +5”H2 ~Hnp*

— RT —
QNH =e \/2122239* _\'KquPHZKquPNZ Keq3 2122239*

1
EﬂNz +Hiy ~HNHy*

— RT —
‘9NH2 =e Z,2,2,2,6, = KB Ko By, Koy K a2 2,2,2,0,
-1
0. =1+ K By 7 + K. Py, 7% + KBy Ko Py, K i[5, 7,

+ Keq]PHz \/Kequivz Keq3Keq4ZI 2,232,
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(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

(147)

(148)

(149)

(150)

(151)

(152)

(153)

(154)



k T #Hzfﬂr'u
ka1 = 2 e 1 =kF,
kT Hyy ~15”
R,'="e M =kP,

1 1
S HNy o by — 1
fr 20
Ry ' = I;l e T = Iy \[K Py, K 1Py,
Loy +at, 2
) k T o Ny THy THy
RK,4 = h K k KeqlP V I<ez]2f)N2 Keq}

1 3
Ny S gy —HE

~ k T #
RK,S '= h K _k V]<e3ql[)3 KquP Keq3Keq4

Supporting Information 2-3: Iodine reduction reaction (IRR)

Iodine reduction reaction (IRR) is well studied in our previous works®!?

relatively simple and can be displayed as follows:
I, +2¥—>2]*
I*+e” > 1

Its rate equations:

Hpy - 2
rl:kBTTe RT 02(1 ) 0 (1 Zl)

K.l

1
SHn 45

k_Tez RT 9\/7(1 Z)_H\/—(l

2 h B
where R, refers to the kinetic resistance. Since:
Hiy —Hay e

0, =e KT \/2‘9*

0, +6.=1

the surface free site can be written as:

Hiy —Haypx

0. ' =1+e 28T \/Z

Then, we will convert the rate equations above into a standard form:

o _0.0-2)
Ve == p

_0.2,(0-7,)
Ry,

where:
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(155)

(156)

(157)

(158)

(159)

. The process is

(160)

(161)

(162)

(163)

(164)

(165)

(166)



Z=\z;Z, =z, (167)

z, :\/ZZ2 =77, (168)
R

R, =—2— 169

26, (1+z) (169)

R)(,z =R1<,2 (170)

At the steady state condition, it should have r=r =r,.

31 —RM
——NIM

Average steps

Average time per step

Average consumed time

7 (eV)

Figure S12. Comparison of (a) average iteration steps; (b) average time per iteration step; (c) average total
solving time between RIM and NIM for solving micro-kinetics of IRR. Red lines and black lines refer to all
attempts of RIM and NIM (all of them succeeded in this case), respectively. The y axes are log10 scales.

A full comparison between NIM and RIM for IRR with 100 random initial guesses at different
adsorption energies along the volcano curve were performed (Figure S12). It can be clearly
seen from Figure S12a that at most adsorption energies, RIM needs fewer iteration steps than
NIM; usually a dozen steps of RIM are enough to yield a good solution. The average time per
step and the total solving time of RIM is two to three orders less than that of NIM, as it is not
necessary in our method to calculate Jacobian matrix and its inverse matrix during the
iteration, which are time-consuming processes, and nor do we need to employ

arbitrary-precision arithmetic.
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Only in a small energy range (as shown in Figure S12a) RIM will lead to the convergence
oscillation that reduces the convergence speed as shown in Figure Sc. Instead of directly
updating by the iteration equationz,, =¢(z,), we find that a random damp strategy would

significantly overcome the problem:
Ziy =z, T rand«(¢(z,) - z,) (171)

The numeric results of ammonia synthesis and IRR are shown in Figure S13, and the low
relative errors verify the reliability of the strategy. All the iteration step numbers are around
15 to 60, which evidently decreases the iteration number for the oscillation range of
convergence in IRR.

-13

NHj tolerance: 1e-15

IRR tolerance: 1e-15

log,o(Arfry)

204

Figure S13 Relative errors of each TOF (a, b) and corresponding number of iterations (c, d) at different
adsorption energies of the key intermediate (I) of ammonia synthesis (a, ¢) and iodine reduction reaction (b,

d) calculated by the reversibility iteration method with a random damp strategy.
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Supporting Information 2-4: Discussion on the convergence of RIM

Firstly, the Newton iteration method, which only works when the trial guess is within
Newton's domain of convergence,> cannot guarantee to converge for every initial guess. For
our method, because the expressions of coverage and equivalent kinetic resistance (R ;) with
reversibilities (z;) are dependent on reaction mechanisms, it is difficult to give a generalized
proof of its convergence. However, we can quantitatively discuss this issue. Mathematically, it

is known that, for iteration equation z=¢(z) , the iterative method could guarantee
convergence when|¢'(z)|<1. Using the heterogeneous catalytic reaction of our generalized

two-step model:

R(g) +n*—Ledopion oy 2dsopion_ypioy 4 gk (172)
. . . eqel R R . .
the iteration expression of reversibility is ¢(z) = m, and it can be solved directly for a
K1 K2

standard series reaction, while for a real reaction the kinetic resistance is a function of
reversibility:
Ry =Ry, - [1(2); Ry, = Ry, - £,(2) (173)

Taking the partial derivative, we have:

0p(2) =l1-2z) Rvklez _RKIISK2|
0z, (R, + Ry,) |

|12 RurFea(@ln /i2) ~01n /@) /25| (174)

(RKI +RK2)
_(-2)(z-z) |0l fi(2) ol £4,(2)|
- 1-z) | 0Oz, 0Oz,
Then, we can write:

|6lnfl(z)_61nf2(z)|< (1-z,) (175)
B e, | (-z)z-7)

which corresponds to the convergence conditi0n|¢'(z)|<1. In the following, we evaluate

whether this condition is tenable along the volcano curve.

On the left side of the volcano curve, the adsorption is strong and the desorption would be the
rate-limiting step, i.e.z ~1,z, ~ z, ; similarly, on the right side, the adsorption is weak and can
be regarded as the rate-limiting step, thus z, ~ z,,z, ~1. Substituting them in equation (175), the

right-hand term tends towards infinity, which would ensure |qo'(z)|<1 (i.e. convergence).

Only around the volcano-curve peak, the right-hand term in equation (175) would usually
correspond to a smaller value and thus relatively slow convergence, which is consistent with
our numeric result that it took more steps to converge around the volcano peak. Nevertheless,
around the volcano-curve peak, the right-hand term of equation (175) is above 4 at least
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according to the easily obtained inequation (176):
-z) _ 4 _
(I-z)z-z) (-z)

(176)

which indicates that |(p' (z)| <1 1s not difficult to achieve even in such a case. Specifically, our

numeric simulations on ammonia synthesis, iodine reduction reaction and HER reaction at
more than one hundred points along the volcano curves for each reaction and each with 100
random initial guesses all converged.

Furthermore, the convergence behaviours with respect to the iterative step for RIM were
carried out at the energy points with a maximum number of iteration steps along the volcano
curves, as shown in Figure 3c at -0.65 eV for ammonia synthesis and Figure 4d at -0.80 eV
for iodine reduction reaction, respectively, which are the worst cases for these two systems. In
contrast, the results of NIM in Figure 5c¢ were obtained when they were successfully
converged (but often they did not converge). To be clear, we present the residual/relative
errors of RIM and NIM in Figure S14. From Figures S14b-c, we can see that the convergence
speed of RIM to the “benchmarks” is much faster than NIM and gives rise to a reasonable
solution even within a few steps (<= 10). The results of NIM for ammonia synthesis and IRR
(Figure S14) show that once the Newton iteration begins to converge, it rapidly converges to a
steady-state solution. But it only works when the trial solutions are within Newton's domain
of convergence.’

0 Resicudl emors

log4g(Ar/r)
il

R Relative errors
2
=
2
S \
(@]
i}
T T 1
Relative ratios
— 8-
LQ — HM.I\H3
= 1 —— RIMRR
= 44 ——NMNH,
2 1 —— NIMRR|
= 0
T T T T 1
1 10 100 1000

Number of iteration

Figure S14 (a) The residual error (Ar/r) versus the number of iteration of two methods for solving NHj3
synthesis and IRR, and the corresponding (b) relative errors (Ar/r3) and (c) relative ratios (/7).

28



Supporting Information 2-5: Discussion on the application of RIM for obtaining the rate
expression without unknown variables

The initially obtained rate expressions (in an analytic form) are usually a set of implicit
equations, which include unknown variables (e.g. reversibilities). If combined with the
traditional Langmuir—Hinshelwood—Hougen—Watson (LHHW) approach, we can quickly
obtain the quasi-steady-state (QSS) rate expression by assuming each step in turn to be

rate-limiting (z=z;). Here, we take ammonia synthesis as an example. If we assume the H>

dissociation to be rate-limiting step, i.e. the resistance R, should be dominant, and

2/3
t

, substituting to equation(145) and (135), we can have:

z,=liz, =z

. 3+z2 +2)
Ry, =Ry, 5—1: . 2 (177)
O =1+ M, +zP (JM, + M, + M,z") (178)
Then, substituting to the total rate equation:
. 1-z, 92~1—zt 1
> Ry, Ry (1M, + 2P (M, + M, + M ,2)) .

2kB, (1-2z"°

3(1 + \/KquPNZ + \/KquPH2 Ztl/3 (1 + V KquPN2 Keq3 + \’ KquPHZ KquPN2 1<eq31<eq4ztl/3 ))2

If we assume the N> dissociation to be rate-limiting step, i.e. the resistance R, ,should be

dominant and z, ~1;/z, ~ z,,, substituting to equation(146) and (135), we can have:

tot °

1

Ry, =Ry, W) (180)
0" =1+ M, + (M, + M, +M,)z, (181)
Substituting to the reaction rate:
I AP b 1
>Ry 12(+2) Ry, (14 M, + (M, + M, + M,)z,)’ (182

2k, Py (1-27)
(1+[Keq, Py, + K 1Py, 2, (1+ K By K (s + K By K, K )

eq3 eql eq3

Similarly, If z, 1;z, ~ z,and keep the dominant resistance &, ,, we can get:
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l-z, , l-z

ZRK, Ry (1M, + \/7+(M+M)z)

(183)
b \[K By K. 2Py, (1-2,)
a +[Keq,P,, +\[Keq, Py, + \[K By \[K P Kooz, (14K P K )
Ifz, 1;z, = z, and keep the dominant resistance R, ,, we can get:

1-z, 0 — -z,

ZR,Q Res (14 M, + M, + M, + M,z
(184)

B k JKeq]PHzKequ ( -z)

(1 + ’\/KquPHz + ’\/KquPNZ + \/KquP KquP Keq3 + KquPH2 \/KquP K€q3Keq4Zt )2

Ifz, ~1;z; ~ z,and keep the dominant resistance R, ;, we can get:

1-z, 0 - 1-z
ZRK, Res (1+ M, ,/ +M,+M,)
——— (185)
k KeqlP KquP Keq3Keq4 (1 - Z )

(1+\/KeqlPHz +\/Keq2PN2 +\/KeqlP Keq2P Keq3 +K€q1P \'KquP Keq3Keq4)2

In fact, these expressions under LHHW approach may be still far from the practical
application, as they are still too complex, and it may be difficult to decide which one is the
correct choice for a given experimental condition. In the following, we show how to use our

method to get a simple and correct expression.

Table S1. Reversibilities, resistances and coverage ratios at the N adsorption energies of -0.2 and -1eV,

respectively.
-0.2eV -leV
z R, 6, /6. z R, 0, /6.
1 1.00E+00 8.51E-06 1 1.00E+00 9.11E-07 1
2 4.72E-03 4.73E+05 4.56E-01 9.76E-01 1.32E-04 3.61E+00
3 1.00E+00 1.71E+01 2.31E-05 1.00E+00 3.78E-06 3.26E+02
4
5

1.00E+00 1.44E+01 1.40E-04 9.98E-01 2.67E-05 1.97E+03
9.99E-01 3.25E+01 3.16E-02 6.96E-02 9.95E-03 7.09E+03

As shown in Table S1, when the adsorption of N is too weak (at -0.2 eV), the N, dissociation
is the rate-limiting step (z2=4.72E-03), and then the kinetic resistance of this reaction step

should be dominant (4.73E+05) and the free site can approach to:

0" ~1+\M, (186)

Hence, the total rate reaction can be simplified to be:
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- _ 2 2k, P, (1-2
1=z g  20-2) 2By, (I-2z7) (187)

TR, T RLU+M) (+Keg,B )

When the adsorption of N to be too strong (at -1 eV), and then the NH3 desorption to be

rate-limiting step (z5=6.96E-02), and then the kinetic resistance of this reaction step should be

dominant (9.95E-03) and the free site can approach to:
0. =M, +M, (188)

Hence, the total rate reaction can be simplified to be:

1— 1— kg K, By K, ,(1-2z,)
;e Zyt 02 _ zZ, _= 5 q1” H, q4 t : (189)
ZRK,i RK,S (M3 + M4) '\’KquPNZ KeqS (1 + KquPHZ Keq4)

Based on these two expressions, we can plot the corresponding rates as shown in Figure S15,
one can see that they can give a reasonable approximation in the respectively ranges, which

indicating the reliability of our approach. It is clear that the reaction is mainly limited by N»

dissociation or NH3 desorption, and then the kinetic resistances (R, ,,R, ;) of these reaction

steps should be dominant. Hence, the reversibilities can be simplified to be:

ZtRk,z + RK,S o ZrRK,Z + ZtRK,S

l f 945 v T
Ry, + Ry s Z, Ry, + Ry s (1 90)
R;(,Z = 2’kZF)Nz ;R;(,S = kS \' qulpl—?z I(quPN2 Keq3Keq4

Then, the total rate of the reaction can approach to:

z, =134z, =

-z, ~ 1-z,
D Rei (Re, + R )1+ M, +Jz, (M, + M,))’

=

(191)

Based on this equation, without solving, we can directly get the volcano curve numerically,
and the relative error with respect to the “benchmarks” are shown in figure S15b, indicating

that the expression can give rise to considerable results along the volcano curve.
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Figure S15 (a) TOF and approximated rates on different adsorption energies, (b) the relative errors using

the approximated rate equation (191) on different adsorption energies.
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