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SUMMARY

Multi-step surface chemistry promoted with one or two wavelengths of light exhibited distinct kinetic signa-
tures indicative of the light-adsorbate interactions and the number of photon-sensitive elementary steps. In
this work, kinetic Monte Carlo simulations identified the kinetic response of general surface mechanisms to
variation in the per-site photon flux of one or two wavelengths of incident light. Photocatalytic rates were
described via a non-dimensional photon flux, identifying multiple kinetic regimes with unique degrees of
rate control. Under photon-controlled kinetic conditions, maximum quantum yield and turnover frequency
were obtained under constant illumination, while pulsing of one or more light sources was shown to exhibit
slower rates and less efficient photocatalytic promotion due to the inherent dynamic nature of light, which
comprises a stream of photons. Simulations provided distinct kinetic signatures in catalytic rates and Arrhe-
nius kinetics for specific light-surface-adsorbate interactions corresponding to photocatalytic promotion of

specific steps in surface chemistry.

INTRODUCTION

The catalytic promotion of surface chemistry by the design of
active sites exhibits a maximum at the Sabatier limit, which
occurs for catalyst structures that match the rates of the two
slowest elementary catalytic steps.’™ To overcome the static
catalyst rate limitation, a proposed kinetic mechanism imposes
a periodic stimulus that modulates the catalyst between rate-
limiting steps identified as oscillating transitions in the catalytic
degree of rate control.*® Modifying the electronic properties of
the catalyst active site requires external stimuli,®” including the
condensation of charge,®° the imposition of electric fields,'*""
the application of surface strain,'®'® or the illumination of the
active site.'*"® Each catalytic stimulus exhibits unique scaling
behaviors and kinetic implications for surface chemistry.
lllumination of the active site, i.e., photon-driven catalysis, is
often described as a process akin to photolysis, where an inci-
dent photon enables the occurrence of an elementary reaction
step on short timescales. These timescales, in the range of fem-
toseconds to picoseconds, are much faster than elementary re-
action steps. Consequently, light, as an external stimulus, will
result in different signatures than other stimuli, which perturb
elementary steps on different timescales. Recent kinetic Monte
Carlo (kMC) simulations of photon-promoted heterogeneous
catalysis have examined the kinetics of light-accelerated
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desorption of surface reaction products using a single-wave-
length light source.'® As depicted in Figure 1A, a photon of
blue light promotes desorption of product B* to B(g), while all
other elementary steps of adsorption (A(g) to A*) and surface re-
actions (A* to B*) proceed thermocatalytically. The rate of cata-
lyst stimulation via light was set by the photon arrival frequency,
defined as the site-normalized photon flux, which can achieve
arrival frequencies as high as 1,000 Hz for a light source with po-
wer of ~2 W/cm?2, 1417

photon flux

T 1 g [ = ]371
site areal density

farriva/ = (Equation 1)

It is important to note that the arrival frequency f,iva—e.g., for
experimental continuous-wave (CW) illumination—is an average
frequency, and the intervals between two incident photons are of
a stochastic nature. Absorption of a photon and associated ki-
netic promotion are extremely short events'’~'% for photon
arrival frequencies as high as ~1,000 Hz (~2 W/cm?),"*"” sur-
face thermochemistry occurs for the majority of the duration of
time. Consequently, the studied catalytic situation cannot be
described solely in terms of conventional photochemistry, where
catalytic turnover is usually exclusively dominated by quantum
yields (QYs); the reaction can be controlled by either thermoca-
talytic or photocatalytic elementary steps, depending on the illu-
mination and thermal conditions. Characterization of the
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Figure 1. Multi-step promotion via photocatalysis

t

(A) The generic reaction of A(g) to B(g) via surface species A* and B* is accelerated by a single wavelength of light, A{, promoting desorption of B*.
(B) Two selected wavelengths of light, A4 and A,, are selected to accelerate independent elementary reaction steps of surface reaction, red, and desorption of B*,

blue.
(C) The two selected wavelengths of light are pulsed in time.

(D) The sequence of blue and red photons interacting with stochastic surface chemistry occurs with defined temporal increments.

Data are available in Table S1.

utilization of light in this work considers the internal QY (1QY),
defined as the moles of a product produced relative to the moles
of absorbed photons,”° as well as the IQYs of elementary steps
IQY A ads, 1QYa_p5, and 1QYg qes. Not all absorbed photons will
promote chemistry; some photons will be absorbed and
generate heat, thereby reducing the IQY. Nevertheless, simula-
tions indicated that surface reactions with photon sensitivity to
desorption can be accelerated orders of magnitude beyond
the Sabatier limit, albeit for photocatalytic materials with elec-
tronic characteristics far from the Sabatier maximum.'® As the
Sabatier volcano’s shape derives from two catalytic rate limita-
tions, accelerating only one elementary step (e.g., desorption)
with a single wavelength light provides only a limited method
of accelerating the overall reaction.

A single wavelength light source could promote the kinetics of
a single elementary step (e.g., desorption), but it is also possible
for the same light source to accelerate multiple reaction steps,
such as desorption and intermediate decomposition (e.g., A* to
B*). Surface species that can desorb to a stable gas-phase spe-
cies are detectable by gas-phase sampling; desorption of CO* to
CO(g) can be both measured and modeled under illumination
with 440 nm light.'” Alternatively, measuring the light-surface-
adsorbate interaction of surface reactions (e.g., A* to B*) requires
surface coverage characterization by methods such as infrared
spectroscopy. As an example, methyl formate decomposition
was shown to include the elementary reaction of formate
(HCOO*) decomposition to CO* and OH* on Pt/TiO, promoted
with visible light.?"

2 Cell Reports Physical Science 7, 103306, May 20, 2026

While elementary steps promoted by light that occur entirely
on a surface (e.g., A* to B*) are not immediately detectable, their
kinetic influence on gas or liquid products is measurable and
distinct from other photon-promoted reactions. In this work,
the kinetics of photon-promoted catalysis was evaluated to
assess the kinetic influence of light on multiple elementary steps.
In particular, the initial question concerns the kinetic implications
of a single wavelength of light (Figure 1A) that can accelerate the
rate of the two rate-controlling steps. An alternative mechanism
utilized two different wavelengths of light (A, and A,) that were
applied at independent varying fluxes (Figure 1B). Finally, addi-
tional programmable control of independent light sources
included the pulsing of light beams incident to the catalyst sur-
face coordinated with the parameters of the duty cycle,
0 < DC < 1, defined as the fraction of each illumination cycle of

1 (blue) light, and coordination frequency, fsoorg, defined as
the frequency of switching between the different light wave-
lengths (Figure 1C).

RESULTS

kMC model and simulation development

The scenarios presented in Figure 1 were evaluated with the
kMC method using both variable-time-step and fixed-time-
step methods. As depicted in Figure 1D, the variable-time-step
kMC method implemented the kinetic model shown in
Figure 2A (also Figure S1), with an A(g)-to-B(g) reaction occurring
reversibly on a surface through intermediates A* and B*.
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Simulation code is provided in Figures S2 and S3. Kinetic param-
eters associated with thermochemical steps were determined
from linear scaling behaviors between surface intermediates
(y =3, 8 =0.7 eV) and transition state energy linear scaling (« =
0.7, p = 0.9 eV).??2* Scaling parameters were selected as mod-
erate values representing common chemical systems.>?° To
these thermochemical steps were added unidirectional photo-
catalytic steps with their respective 1QYs (IQYaaas, 1QYa-5,
and IQYp ,as) of 100% for this specific elementary step to desorb
B* to B(g) via A4 and convert A* to B* via A,; it was assumed that
the kinetics for these steps were temperature independent.
Recent experimental evidence on the desorption of CO* from
Pt catalysts has demonstrated that the photo-desorption ki-
netics are substantially less affected by temperature than ther-
mocatalytic reactions; however, the apparent QY at 440 nm for
CO* photo-desorption showed a weak temperature dependence
(~0.2 eV)."” This dependence was not considered here, and we
are aware that the present simulations present idealized cases.
In each state of the catalytic cycle (A*, B*, or *), the time step
(At,) and the selected pathway were determined by stochasti-
cally weighting the kinetics of each elementary step, as
described by Gillespie and co-workers.?®>® Complete kinetic
model and simulation details are available in the supporting
information.

The selected model was deliberately highly idealized to iden-
tify and communicate only the controlling kinetic elements of
photo- and thermochemistry. While the mechanism only ac-
counts for three steps of adsorption (A(g) to A*), surface reac-
tion (A* to B*), and desorption (B* to B(g)), real chemistries
can be multi-step with a network of series and parallel reac-
tions. Diffusion through an external boundary layer above the
catalyst surface was not included in the model, although it
can potentially become rate limiting in real catalytic applica-
tions.?®*° Both thermal- and photo-excited steps were based
on Arrhenius rate expressions that account for the probability
of specific events, as used in prior work.'® In addition, all steps
are unimolecular, with each surface species only occupying a
single catalyst site. For this reason, spatial information was
not included in the model, such as multiple types of sites
(e.g., terrace, step, and corner sites) or lateral interactions
associated with neighboring occupied catalyst sites.®'*? For
this reason, the simulated model is highly idealized for the pur-
pose of only providing insight into general overall catalytic be-
haviors; future models describing real reactions will include
these additional model complexities.

Reaction acceleration by a single wavelength of light

(A1 =22)

The selected reaction exhibits a Sabatier volcano under thermo-
catalytic conditions (zero illumination), depicted in Figure 2B
(and Figure S4) with a maximum turnover frequency (TOF)g of
2.75 s~ at a binding energy, BEg, of 0.82 eV at 343 K. In this re-
action, TOFg is limited by the rate of B* desorption for BEg > 0.82
eV and limited by the surface reaction (A* — B*) for BEg < 0.82 eV.
The photocatalytic reaction was simulated using the variable-
time-step method under CW illumination with only a single wave-
length, which stimulated both rate limitations (A1 = ). As shown
in Figure 2B, the photon arrival frequency was varied over four
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orders of magnitude (0.1 < faiva; < 1,000 Hz). For fapiva of 3 Hz
or greater, the resulting TOFg exceeded the Sabatier maximum
of 2.75 s~ for all possible simulated materials (0.6 < BEg < 1.0
eV). At lower photon arrival frequencies (farivar < 3 Hz), the
TOFg decreased on either side of the Sabatier maximum.

Catalytic rate acceleration with CW illumination of a single
wavelength that promoted both reaction steps (A* — B* and B*
— B(g)) was interpretable via the parity plot between TOFg and
the photon arrival frequency shown in Figure 2C. Parity in this
case implied that a single photon equals one catalytic turn-
over—thus an IQY of 100%. At low photon arrival frequencies,
the TOFg exhibited the thermocatalytic rate with negligible
photon-promoted rate enhancement, resulting in an QY of
approximately zero. However, TOFg became proportional to
the photon arrival frequency near the parity line, increasing the
turnover for incident photons (i.e., first-order rate dependence
on photons); see Figure S6A for light rate order calculations.
This parity behavior perfectly describes the experimentally
observed linear dependence of photon flux on rate enhancement
through illumination.*® While nearly equal to parity at high photon
arrival frequencies, a ~50% difference in TOFg from parity indi-
cated a ratio of two photons per catalytic turnover and an IQY of
~50%. The “external QY” (EQY) that relates the fraction of cat-
alytic turnovers relative to the number of photons delivered from
an external light source was not used in this work.>*¢

The utility of photons in driving reactions was apparent when
calculating the ratio of TOFg to photon arrival frequency; this
determined the rate of catalytic turnover relative to the rate of
photons interacting with the catalyst surface. As visible in the
TOFg of Figure 2B at 1,000 Hz, the TOFg was ~1,000 s~ for
a BEg of 0.6 eV and then decreased to ~500 s~' for
BEg > 0.7 eV. This was consistent with a shift in the reaction
requiring only one photon per catalytic turnover at a BEg of
0.6 eV to requiring two photons per catalytic turnover at
BEg > 0.7 eV; the IQY changed accordingly from ~90% to
~50%, as shown in Figure S6. At a low BEg of 0.6 eV, the ther-
mocatalytic reaction was primarily limited by the surface reac-
tion (A* — B*), while the rate of B* desorption was fast; only one
photon was necessary to accelerate this reaction for the
selected photon arrival frequencies. Alternatively, for BEg
near the Sabatier maximum, both elementary steps (A* — B*
and B* — B(g)) were rate controlling, and two photons were
necessary to accelerate the reaction beyond the Sabatier limit.
Finally, for high-BEg materials, the reaction was limited only by
the rate of desorption, and again, only one photon was neces-
sary. This is visible in Figure 2B for the 10 and 30 Hz photon
arrival frequencies (shown in non-logarithmic scale in
Figure S6C); TOFg was a minimum for the BEg of 0.85 eV and
then increased for higher and lower values of BEg.

The simulation results presented in Figure 2 indicated different
illumination requirements to accelerate photocatalytic reactions
for the three kinetic regimes identified by the Sabatier volcano. At
extreme BEg away from Sabatier maximum, the thermocatalytic
reaction was limited by only one elementary step; only a single
photon was necessary to accelerate that rate-controlling step
(surface reaction at low BEg and product desorption at high
BEg). The intermediate kinetic regime occurred within the in-
verted volcano at moderate BEg values; the inverted volcano is
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Figure 2. Kinetics of multi-step photocatalysis via a single-wavelength (1, = A\,) source

(A) A catalytic cycle converting A(g) to B(g) through surface intermediates A* and B* occurs through thermocatalytic steps (black) of adsorption, surface reaction,
and desorption along with photon-promoted steps of surface reaction (blue) and desorption (red). Modeled kinetic parameters of thermochemical steps were
calculated from linear scaling between surface intermediates (y = 3, 8 = 0.7 eV) and transition state energy linear scaling («x = 0.7, f = 0.9 eV).

(B) The static thermocatalytic reaction at 343 K, 100 bar, and 1% exhibits a Sabatier volcano with a maximum at BEg of 0.82 eV and a TOF of 2.75 s~ . Application
of a stream of photons with a single wavelength (A4 = &) that accelerates both photon-promoted steps (kpn,1 and kpp, 2) for varying photon arrival frequencies (0.1 <

farrival < 1,000 Hz) increases the catalytic turnover frequency (TOFyg).

(C) The TOFg of catalyst surfaces described with different BEg transitions, from independent of the photon arrival frequency to first-order dependence with

increasing photon arrival frequency.
Data are available in Tables S2 and S3.

depicted in the gray region between the dashed lines of
Figure 2B. Within this inverted volcano region, two photons
were required to accelerate the catalytic reaction for photon
arrival frequencies that exceeded the Sabatier maximum TOFg.
The other key observation presented in Figure 2C is the
absence, for this range of considered photon arrival frequencies,
of a detectable resonance frequency, defined as the maximum of
the effective catalytic rate.’ TOFg increased as the photon arrival
frequency increased without a detected maximum over the
range of (0.1 < f4ival < 10,000 Hz). The two slowest thermochem-
ical frequencies were associated with the surface reaction (ry =
ky'andf; = 77') and B* desorption (rgess = Kgohg @nd faess =
75.:5), but both steps were accelerated with light as fast as pho-
tons arrived. In this case, the next slowest frequency was asso-
ciated with adsorption of A(g) to form A*, which was a function of
the reactant pressure and adsorption rate constant (ragsa =
(kéw,sAPA)‘1 and fagsp = r;jsA). The resonance frequency existed
as the per-site flux of A(g) for fagsa at ~102 Hz, identified as the
maximum in the effective catalytic rate, as shown in
Figure S6D. This flux-limited condition was about five orders of
magnitude away from an achievable experimental system, which
can only achieve photon arrival frequencies of ~10° Hz.
Photocatalysis at a single wavelength (A4 = A,) that promoted
both surface reaction and surface product desorption was inter-
preted using an Arrhenius plot with unique kinetic features. As
shown in Figure 3A (and Figure S5), the Arrhenius plot of photo-
catalysis with a material described with a BEg of 0.80 eV for
photon arrival frequencies of 10, 100, and 1,000 Hz exhibited
only two kinetic regimes. At low temperatures, the TOFg was a
fixed value equal to exactly half of the applied photon arrival fre-
quency (TOFg = 0.5 farival), @s each catalytic turnover was a two-
photon process at these conditions. This kinetic regime resulted
in a surface coverage that was equally split between coverage of
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A*and B* (64 = 6g = 0.50) as shown in Figure 3B. The mechanism
leading to a fixed value of TOFg with temperature was inter-
preted via the degree of rate control (DRC) calculated from the
kinetic sensitivity of each elementary step, S;,%"*®

o _ (9n(TOFs)
T 0In(k,) k’,#.

(Equation 2)

The degree of rate control for each elementary step was then
calculated as the sum of the forward and reverse sensitivities,
DRC; = S; + S_;,of each elementary step.”>*? Alternatively, the
degree of rate control of the photon arrival frequency determined
the extent of kinetic control of the photon flux, '®4°

aln(TOFB)) .

Equation 3
aln farrival ( q )

DRC; = (

Depicted in Figure 3C, the degree of rate control of the low-
temperature kinetic regime indicated complete kinetic control
(DRCs ~ 1.0) of the photon arrival frequency, faqival-; the reaction
proceeded as fast as the photons arrived at the active site. In
contrast, the high-temperature kinetic regime shown in Figure
3A occurred when the thermocatalytic TOF overtook the
photon arrival frequency. At temperatures for this condition
(T~1 < ~0.0028 K1), the reaction proceeded as if it were a ther-
mocatalytic reaction for a material with BEg of 0.8 eV; the surface
coverage was higher in 05 and lower in 0g (Figure 3B). Moreover,
the degree of rate control (Figure 3C) at higher temperatures was
dominated by the surface reaction (DRCa-..g- ~ 0.80), while sur-
face product contributed only minorly (DRCg-.g(g ~ 0.20); this
was consistent with the selected material (BEg = 0.80 eV) being
slightly to the left of the Sabatier volcano peak (Figure 2B) under
binding conditions that lead to more kinetic control associated
with the surface reaction.
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Figure 3. Characteristics of the idealized photocatalytic kinetics of a single-wavelength (A, = A,) source
(A) The Arrhenius plot of the photocatalytic reaction A(g) to B(g) via intermediates A* and B* at varying temperatures, 100 bar total pressure, three photon arrival
frequencies (10, 100, and 1,000 Hz), and 1% conversion for a material with BEg of 0.8 eV. The single wavelength of light promotes the conversion of A* to B* as well

as the desorption of B* to B(g).
(B) The associated surface coverages of A*, B*, and open sites, *.

(C) The degree of rate control associated with the photon arrival frequency, the transition state between A* and B*, and the two adsorption/desorption steps.

Reaction acceleration by two different wavelengths of
light (A4 # 12)

The complexity of photocatalysis increased significantly when
two different wavelengths of light (A; # A,) independently accel-
erated different elementary reaction steps. As shown in
Figure 1B, blue light (A1) promoted desorption of B* to B(g), while
red light (Ao) accelerated the surface reaction (A* to B*). Photoca-
talysis with two wavelengths of CW light incorporated three
stochastic phenomena (surface thermochemistry and photon
surface incidence of two wavelengths) with independent time-
scales (photon arrival frequency of A4, photon arrival frequency
of Ap, and the thermocatalytic TOF) that interacted to accelerate
the overall rate of reaction. As depicted in Figure 1D for the var-
iable-time-step kMC simulations, elementary steps proceeded
with time steps At,, which were predictable only on average;
each individual step of adsorption, reaction, and desorption
occurred on a timescale commensurate with the free energy of
the transition and a degree of randomness (selected by arandom
number in the kMC method). On top of this thermochemical re-
action, the arrival of blue (A1) or red (\») photons occurred, pro-
moting individual elementary steps.

An initial set of simulations of mixed-wavelength photocataly-
sis (A # Ap) in Figure 4A (and Figure S8) indicated increased
complexity between the applied intensity of A; and A, light
sources and the resulting TOFg. While fixing the A4 photon arrival
frequency at famva,1 = 350 Hz and varying the A, photon arrival
frequency (1073 < fapvaiz < 10* Hz), the TOFg eventually
achieved 350 s~. Alternatively, fixing the A; photon arrival fre-
quency at either 4.2 or 0.05 Hz never resulted in a TOFg close
to 4.2 or 0.05 s~ '; instead, the TOFg at these two photon arrival
frequencies both approached a similar value of ~17 s~ (at high
farrival.2), Which was explainable in the following description of ki-
netic regions. The complete datasets of Figures 4A-4F are
included in Tables S21-S38.

This photocatalytic complexity was interpreted using the more
complete heatmap in Figure 4B, which depicted the TOF
(2.5 <TOFg < 10*s™") for varying farrivai,1 and farrival 2. At a temper-
ature of 343 K, the thermocatalytic TOFg was ~2.5 s~', which is

in the middle of the range of considered photon arrival fre-
quencies. Figure 3A also indicated that this temperature
(0.0029 K~ ") was in the transition region between light-controlled
TOFg and thermocatalysis-controlled TOFg. The transition be-
tween controlling kinetics was defined by the dimensionless
photon arrival frequency, Fi = fanrivali/ki, Which is the ratio of the
photon arrival frequency of A; to the corresponding elementary
step rate constant, k;. As a BEg of 0.8 eV was near the Sabatier
volcano maximum, the k; of 2.9 s~! was not too different from
the Kgesg Of 17.6 5™ ' On a log scale. On either side of this kinetic
transition (F; = 1.0) were each of the kinetic regions: in region | of
Figure 4B (F1 < 1 and F» < 1), the TOFg was controlled by the
thermocatalytic rate (~2.5 s™'), and in region IV (F; > 1 and
F2 > 1), the TOFg was controlled by the photocatalytic stimula-
tion (farrival,1 and farrival,z)-

Regions Il and Il in Figure 4B were the mixed kinetic regimes.
For example, in region Ill, the f,iva 2 Was greater than the rate of
the surface reaction (k; = 2.5 s™"), while farivan Was less than
the B* desorption rate (kgesg = 17.6 s ), resulting in mixed dimen-
sionless photon arrival frequencies (F1 < 1 and F» > 1). In other
words, in region Il desorption was thermocatalytically controlled
such that the maximum TOFg was equal to ~17 s, as previously
shown in Figure 4A. Alternatively, in region Il, the fayiva1 Was
greater than the rate of desorption (Kgess = 17.6 ™), while farrival,2
was less than the surface reaction rate (kyesg = 17.6 s77), with
mixed dimensionless photon arrival frequencies (F; > 1 and
F> < 1). As such, the overall TOFg of region Il was limited to
~2.5s~ " by the surface reaction. The selection of the temperature
determined the values of the reaction rate constants and the cor-
responding values of the dimensionless photon arrival frequencies
(F1+ and F»), thereby varying the extent of each kinetic region.
When a low temperature of 250 K (0.004 K~') was simulated,
the entire heatmap (102 < farrivar1 @nd farivar.2 < 10* Hz) comprised
region IV, as shown in Figure S7 (Tables S5-S20).

The catalyst surface coverages of A* (Figure 4C) and B*
(Figure 4D) provided further insight into the controlling elemen-
tary steps and the role of light. In the thermocatalysis-controlled
region |, the surface coverages were constant at 05 ~ 0.8 and 6g
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Figure 4. Idealized two-wavelength photocatalysis of the A(g)-to-B(g) reaction at 343 K
The photocatalytic reaction occurs via surface intermediates A* and B*, with photocatalytic acceleration of the surface reaction (A* — B*) and surface product
desorption (B* — B(g)) occurring with two different sources of light, each providing a Poisson distribution of photons. All reactions occurred with a material having

a BEg of 0.8 eV, 343 K, 100 bar total pressure, and a conversion of 1%.

(A) The TOF for varying photon arrival frequency (A* — B*) for three arrival frequencies that accelerate surface product desorption (B* — B(g)).

(B-F) Heatmaps were generated for varying arrival frequencies of the two wavelengths for (B) TOF, (C) surface coverage of A*, (D) surface coverage of B*,
(E) apparent quantum efficiency of the light that promotes A* — B*, and (F) apparent quantum efficiency of the light that promotes B* — B(g). The solid black line
represents parity, while the white dashed lines identify the kinetic transitions defined by dimensionless photon arrival frequency, Fi = farrival,i/ki. Heatmaps are
divided into four quadrants, wherein (l) the thermocatalytic rate constants are higher than the photon arrival frequencies (F; < 1 and F» < 1), (IV) the photon arrival
frequencies are higher than the thermocatalytic rate constants (F; > 1 and F, > 1), and (Il and Ill) a mix of ratios of the thermocatalytic rate constants and the

photon arrival frequencies.
Data are available in Tables S21-S33.

~ 0.2. This ratio of surface coverages was unequal because the
selected BEg of 0.8 eV was slightly to the left of the Sabatier
maximum; desorption for this catalyst material was slightly faster
than the surface reaction, resulting in higher coverages of A* than
B*. This ratio of surface coverages shifted in the mixed regions Il
and lll as one of the two wavelengths of light overtook the ther-
mocatalytic rate, pushing these regions to either mostly covered
in A* (region Il) or mostly covered in B* (region Ill). Finally, in re-
gion IV, the light entirely determined the kinetics of the reaction,
such that the parity line identified the transition between domi-
nant photon arrival frequency (farival,1 O fariva,2) and the associ-
ated surfaces primarily covered in A* or B*.

Interpreting the QY of the four regions of I-IV in Figure 4
required quantification of photon utility. Not all photons delivered
to the catalyst surface promoted chemistry; some instead inter-
acted with a site for which no chemical promotion occurred and
generated heat. Simulations provided a quantitative method for
assessing light-surface interactions and identifying kinetic be-
haviors and their transitions with varying illumination parameters,
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including intensity, wavelength, and coordination (e.g., pulsing
or chopping of light sources). With independent thermochem-
istry, photons could interact with open sites, A*, or B*, such
that they could deliver energy (i.e., heat) or promote a specific
elementary step, such as desorption (B* to B(g)) or the surface
reaction (A* to B*). Effective use of photons—high IQY —utilized
one photon per turnover for systems for which a single elemen-
tary step, such as desorption, Ph,,[Bx—>B(g)], or reaction,
Ph,,[Ax —>B « ], was affected by light.

Ph;,[B «+ —B(g)] 3 Ph;, [B «+ -»B(9)]
all .1 photons ~ Ph;,[B x —»B(g)]+Phy, [heat]
(Equation 4)

y; =

3 Ph;, [A x« >Bx]

QY, = —2— —— Equati
QY all 2, photons (Equation 5)

The IQYs of wavelengths A1 and A, were depicted in Figures 4E
and 4F for each of the four kinetic regions. As shown, the IQY;
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Figure 5. Coordinated multi-wavelength photocatalysis

(A) Light sources alternating between two wavelengths with coordination frequency, f;oord, OVer a period of two parts (tcoora = Aty + Atp) with spacing between

photons arriving at the surface of At,ph;.

(B) The percentage of sequential photons that repeat (red then red or blue then blue) or alternate (red then blue or blue then red) for continuous-wave (CW) light
sources and varying coordination frequency with a 50% duty cycle of red and blue photons both at 100 Hz arrival frequency.

(C-E) The TOF to form B(g), surface coverages, and photon efficiencies for varying two-wavelength coordination frequency at 338 K, 100 bar total pressure, 1%
conversion, and photon arrival frequencies of 100 Hz for both light sources. All error bars represent a 99% confidence interval.

Data are available in Tables S34 and S35.

varied across the different regions for both wavelengths of light
inversely to the photon arrival frequency of that particular wave-
length. In region Il, the f,.ivai,1 Was higher than the thermocata-
lytic rate, but the /IQY; was low; conversely, the fuivai2 Was
higher in region lll, but the IQY> was low. This inverse behavior
exists across the entire heatmap shown in Figures 4E and 4F,
such that the two IQYs always summed to the same number
QY+ + 1QY> = 100%). For both wavelengths, the total IQY was
calculated by dividing the number of times the surface reaction
and desorption steps were promoted by photons by the total
number of delivered photons.

Ph;, B x »B(g)|+Ph,,[A « —Bx]

1QYrota = All 21+, photons

(Equation 6)

Across the entire dataset for all conditions and kinetic regions,
the IQY}ot2 Was 50%.

The origin of the 50% IQY;0to from two-wavelength photoca-
talysis is derived from the stochastic nature of a continuous
source of photons. As depicted in Figure 5A (and Figure S9),
photons arrived at the surface as distinct events that could
vary in sequence, with either alternating photons (e.g., red then
blue or blue then red) or sequential photons (e.g., red then red
or blue then blue). The sequence of photon wavelengths mat-
tered for the chemistry, as phy(red) only accelerated the surface
reaction and ph;(blue) only promoted desorption. Two red pho-
tons in a row resulted in catalytic promotion of A* to B*, with the

second red photon only generating heat. It was therefore desir-
able to control the sequence of imposed photons.

The fraction of photons that arrive at the surface alternating in
wavelength (red then blue or blue then red) was determined as
shown in Figure 5B. The basis for comparison was the CW illumi-
nation of the catalyst surface, which exhibited a 50% probability
that each arriving photon would have a different wavelength from
the preceding photon. A CW laser delivers photons to the sur-
face, for which a sufficient sample size of photon temporal
spacing exhibits a Poisson distribution.*’* Thus, the probability
was equal that the next photon would be of the same or a
different wavelength (when farivai,1 = farrival 2)-

Coordination of pulses of two different wavelengths of
light (A4 # A2)

Alternating pulses of the photon sources, as shown in Figure 5A,
provided the possibility for more efficient use of photons. The co-
ordination of photons via pulsing occurred over a period of time,
Tcoords COMprising blue (At4) and red (Aty), with coordination fre-
quency, feoord = 1/Tcoord- The DC was defined as the fraction of
time wavelength i comprising the total period, DC; = Ati/T¢coorg-
As the light source of each individual wavelength (A4 or A,) was
produced as a Poisson distribution of temporally spaced pho-
tons, the temporal difference between each photon of the
same wavelength (At,ph4 or At,phy) within a period also yielded
a Poisson distribution.
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The system of alternating light sources has several variables
that can be tuned to maximize the fraction of mixed-wavelength
photon pairs that arrive at the surface; these parameters include
the individual photon arrival frequencies (farrivar, 1 @and farrivar 2), the
coordination frequency (f.oorq), the DC (DC4), and all of the reac-
tion condition parameters (e.g., T, P, and Xgg). For the selected
system at 100 bar, 1% conversion, and 338 K, the arrival fre-
quencies of each of the individual light sources were selected
as 100 Hz to ensure that simulations occurred in kinetic region
IV of Figure 4B and because this region was already determined
to exhibit the maximum kinetic benefit of light. Additionally, the
DC was selected as a DC; of 50%, providing equal time for
each light source to illuminate the surface. The resulting variable
of interest remained the coordination frequency, fooorg-

The simulated sequence of photons with two different wave-
lengths arriving at the surface with non-zero coordination
frequency was depicted in Figure 5B. For low coordination fre-
quencies (fsoora < farrivar), the majority of photon sequences
were repetitions of the same wavelength. In this case, there
were long periods of time where the same photon wavelengthiillu-
minated the catalyst surface. When the coordination frequency
was comparable to the arrival frequencies (fooora = farrival,), the
percentage of photons in series with the same wavelength was
50%. Most surprisingly, for coordination frequencies greater
than the photon arrival frequency (fooora > farrival, i), the percentage
of repeated wavelength photons in series remained at 50% within
statistical error.

The inability to increase the percentage of sequential photons
with alternating wavelengths by coordinated pulsing of light
sources resulted in a negligible photocatalytic kinetic benefit.
As shown in Figure 5C, the TOFg for low coordination frequency
(feoorg < 100 Hz) was equal to a linear combination of the TOFg of
the two individual wavelengths of light under constant illumina-
tion; this system behaved as the average of two catalysts inde-
pendently illuminated with the two different wavelengths of light.
The surface coverages of A* and B* (Figure 5D) did not signifi-
cantly change, and the QYs of both wavelengths (Figure 5E)
were low. With a high fraction of sequential photons arriving at
the catalyst surface with the same wavelength, most photons
only generated heat and did not promote the reaction. Alterna-
tively, for high coordination frequencies (fcoorq > 100 Hz), the
TOFg achieved a maximum equal to the TOFg of a catalyst illumi-
nated continuously with both wavelengths of light (each at an
farrivali Of 50 Hz due to DC; = 50%). Moreover, the QYs of each
wavelength achieved only ~50%, equal to the QYo of 50%
(see Figure S10). The limited kinetic benefit of pulsing between
two different-wavelength photons was consistent with the inher-
ently dynamic nature of illuminated catalyst surfaces. A CW light
source actually comprises individual photons; the apparent
constant nature of a light source is the interpretation of the
experimenter.’® The catalyst active site experiences dynamic
promotion via light under all circumstances of photon genera-
tion, independent of the extent of coordination of the light source
via pulsing or chopping. As such, continuous illumination pro-
vides a catalytic rate enhancement equal to or better than coor-
dinated light sources. This significant insight is supported by the
nature and timescales of photon interactions with photocatalytic
materials. The lifetime of excited states (fs) is much faster than
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the effect of local photon-generated heat (ps — ns) and is much
faster than the timescales of the coordinated light sources
considered here.

DISCUSSION

The simulations provide a framework to evaluate—using a
simplified model—the boundaries of QYs in photon-driven ther-
mal catalysis. Considering the practical application of such a
catalytic system, the cost for photon production must be consid-
ered.”%** Especially for the generation of photons of specific
wavelengths, an artificial light source would be commonly
used. Our analysis shows that despite the model conditions of
an IQY for a single elementary step of 100%, overall IQYs can
significantly decrease in two-photon processes due to an unfa-
vorable distribution of site occupancy in certain operational re-
gimes. This is especially remarkable as the studied simulation
represents an idealized system without considering (1) external
factors such as reaction cell, light scattering in the reactor by re-
action medium, and catalyst, nor (2) light absorption probability
of the catalyst and the actual utilization of the absorbed photon.
Both factors strongly reduce the apparent QY of photocatalysts.

The simulations conducted here provide two distinct kinetic
signatures that can have broad utility for understanding the use
of light to promote industrial surface chemistry. For example,
for light applied to any reaction, it is not immediately obvious if
photons promote only a single or multiple rate-controlling
elementary steps. It is also not immediately apparent if one or
two different wavelengths of light are necessary to promote cat-
alytic reactions beyond the Sabatier limit. A first kinetic signature
of multi-step light enhancement relates to the accessible rates
above a Sabatier volcano with light. For reactions for which light
only enhances a single rate-controlling elementary step, the
TOFg can only accelerate reactions up to the edge of the inverted
volcano (gray region of Figure 2B), defined by the dashed lines
extending from the sides of the Sabatier volcano.'® Alternatively,
one or more wavelengths of light that promote two rate-control-
ling elementary steps can access rates inside the inverted
volcano (Figure 2B). This is a distinct visual check on the photo-
catalytic activity of light.

A second kinetic signature of multi-step photocatalytic pro-
motion exists in the shape of an Arrhenius plot. Surface reactions
for which light accelerates only a single rate-controlling step
exhibit three distinct kinetic regimes, of which the intermediate
regime corresponds to a slope at or near zero for an Arrhenius
plot.'® Alternatively, photocatalytic reactions for which light ac-
celerates the two dominant rate-controlling steps exhibit only
two significant kinetic regimes (Figure 3A). At high temperatures,
the slope of the Arrhenius plot is defined by the thermocatalytic
rate, while at low temperatures, the Arrhenius plot is flat (or much
less than the slope associated with thermocatalysis).'” This dif-
ference between the two photocatalytic mechanisms (single-
step or multi-step light promotion) becomes apparent as the
temperature decreases and the rate either remains constant
(multi-step light promotion) or decreases (single-step light
promotion).

The utility of insights from the generic A(g)-to-B(g) photo-
catalytic reaction derives from the commonality of the



Cell Rerrts .
Physical Science

Sabatier volcano. Many important catalytic reactions exhibit a
Sabatier maximum, including examples such as ammonia syn-
thesis,***" water splitting to form hydrogen,*®*° decomposing
energy carriers such as formic acid,’*°" or the oxygen reduction
reaction (ORR) for catalytic power systems or chemical produc-
tion.®>® Enhancing the rate of these types of reactions using
light requires the selection of light that interacts with specific sur-
face intermediates relevant to rate-controlling reactions that
define the Sabatier volcano. In addition, light must be applied
at an appropriate flux and sequence to efficiently use light for
rate enhancement. This means that the experimentally set light
flux can be selected to achieve the photon arrival frequency
(i.e., per-site photon flux) that achieves maximum catalytic per-
formance in IQY and/or TOF based on the controlling kinetic
regime.®*>> The map of kinetic regimes (Figure 4) therefore
serves as a general example of the efficiency and kinetic rate
enhancement that could be achieved in real catalytic chemis-
tries. It also guides the selection of illumination conditions®® in
emerging photocatalytic opportunities, including photoredox
catalysts,”®*” artificial photosynthesis and solar-to-fuel applica-
tions,”® and photoelectrocatalysis,>* where the significant
complexity of integrated thermo-, electro-, and photochemis-
tries requires fundamental understanding of the controlling reac-
tions and external stimuli. Future work will expand the general
photocatalytic models to these classes of real chemistries to un-
derstand the kinetic implications of many-photon catalytic
processes.

METHODS

Simulations were conducted in MATLAB 2019a using the kMC
model described in the kMC development section of the
results and the code and model equations in the supplemental
information file.
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