
Nonthermal Plasma Activation of Adsorbates: The Case of CO on Pt
Minseok Kim, Sohag Biswas, Isabel Barraza Alvarez, Phillip Christopher,* Bryan M. Wong,*
and Lorenzo Mangolini*

Cite This: JACS Au 2024, 4, 2979−2988 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Nonthermal plasmas provide a unique approach to electrically driven
heterogeneous catalytic processes. Despite much interest from the community,
fundamental activation pathways in these processes remain poorly understood. Here,
we investigate how exposure to a nonthermal plasma sustained in an argon nonreactive
atmosphere affects the desorption of carbon monoxide (CO) from platinum
nanoparticles. Temperature-programmed desorption measurements indicate that the
plasma reduces the effective binding energy (BE) of CO to Pt surfaces by as much as
∼0.3 eV, with the reduction in the BE scaling linearly with the plasma density. We find
that the effective CO BE is most strongly reduced for under-coordinated sites (steps
and edges) compared to well-coordinated sites (terraces). Density functional theory
calculations suggest that this is due to plasma-induced charging and electric fields at the
catalyst surface, which preferentially affect under-coordinated sites. This study provides
direct experimental evidence of plasma-induced nonthermal activation of the
adsorbate-catalyst couple.
KEYWORDS: nonthermal plasma, carbon monoxide, platinum, binding energy, DFT calculations, surface charging

■ INTRODUCTION
There is a societal need for novel approaches to heterogeneous
catalysis that can mitigate, or eliminate, the environmental
concerns associated with thermally driven processes.1−3

Among the proposed solutions, nonthermal plasma-induced
catalysis, when combined with renewable energy resources, has
the potential to reduce anthropogenic greenhouse gas
emissions.4−7 The most important characteristic of a non-
thermal plasma is its intrinsic nonequilibrium state between
energetic electrons and other species, such as ions and neutral
molecules. This property allows for the activation of highly
stable molecules such as CO2, CH4, and N2 at room
temperature in addition to the potential for bond-specific
chemistry.8 As a consequence, reports are abundant in the
literature about the combination of nonthermal plasmas with
heterogeneous catalysts. Examples include CO2 conversion,

9

production of NH3
10,11 and NOX,

12 as well as CH4
reforming.13 Considerable effort has been dedicated to
assessing the reactor-level yield, selectivity, and energy cost
associated with nonthermal plasma-driven catalysis.14−16

Unfortunately, the microscopic-level reaction pathways in
these complex systems remain poorly understood, inevitably
hampering the further development of these exciting processes.
The plasma community has made widespread use of

microkinetic models to gain insights into molecular activation
and reaction pathways in nonthermal plasma catalysis.17,18

Such models often utilize modified rates of dissociative
adsorption that attempt to account for the gas-phase activation
of the reactant molecules. Vibrational excitation or dissociation

of molecular nitrogen in plasmas has been used to justify its
fixation at room temperature.12,19 Similarly, vibrational
excitation of methane or CO2 has been proposed as the
critical activation mechanism in these systems.20,21 While the
activation of molecules in the gas phase is likely to play a role,
other activation pathways may be present as well.
On the experimental side, the community has also made

extensive use of in situ characterization tools to identify
reaction pathways at the plasma−catalyst interface.21,22 For
instance, Kim et al. use transmission infrared spectroscopy and
find that CO conversion to CO2 is facilitated on ZnO surfaces
because of plasma-induced CO vibrational excitation.23 Xu et
al. use in situ Fourier-transform infrared spectroscopy (FTIR)
to identify reaction intermediates during the plasma-induced
hydrogenation of CO2 on Ru catalysts and find them to be
completely different than that for the case of a thermally driven
reaction.24 While powerful, the majority of research groups use
dielectric barrier discharges (DBDs) for their study. This
configuration inevitably generates a strongly nonuniform,
transient plasma, making it difficult to isolate activation
pathways on catalyst surfaces.
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To further complicate things, nonthermal plasmas generate a
complex nonequilibrium environment that can initiate surface
reactions according to multiple competing pathways. Plasma
exposure leads to a flux of multiple species toward exposed
surfaces, including ions, electrons, excited species, and
photons. For instance, a significant fraction of the power
used to sustain a plasma results in the generation of photons
with complex energy spectra. The formation of an electrical
double-layer, or sheath, at plasma-exposed surfaces is an
intrinsic aspect of these nonequilibrium discharges. This results
in both surface charging and the acceleration of ions toward
the surface. These mechanisms proceed in parallel and can
affect the surface reaction rates. Zhang et al. found that the
photon-induced generation of hot electrons in plasmonic
particles reduces the activation energy for CO2 hydro-
genation.25 Gunasooriya et al. used density functional theory
(DFT) calculations and demonstrated that surface charges
effectively reduce the binding energy (BE) of hydrocarbons on
Pt.26 Plasma etching, an established application of low-
temperature plasmas, harnesses the momentum transfer from
ions accelerated in the sheath to enhance surface reaction
rates.27 To summarize, nonthermal plasmas can provide
multiple reaction pathways, both in the gas phase and at
exposed surfaces. Unfortunately, the relative importance of
these processes in the context of plasma-mediated catalysis
remains poorly characterized and understood.
In this study, we aim to advance our understanding of the

kinetics of plasma-modified surface reactions by performing in
situ FTIR measurements in combination with temperature-
programmed desorption (TPD) of CO from Pt nanoparticles
under exposure to argon plasma. We choose to utilize a
midpressure (3.7 Torr) radio frequency (RF)-driven plasma as
these conditions are conducive to a spatially uniform, steady
plasma that impinges onto the catalyst surface in a much
better-defined way than that for the case of DBD reactors. We

generate the plasma in a nonreactive gas, argon, to eliminate
gas-phase chemistry and isolate the role of plasma-induced
effects on a fundamental reaction parameter: the adsorption
energy of CO on Pt. We selected this molecule−catalyst
combination because the CO−Pt system has been extensively
studied both experimentally and computationally, making it
ideal for fundamental surface science.28−31 Controlling the
desorption kinetics of CO is crucial for enhancing catalytic
reactions in various important processes, such as CO
oxidation,32 CO2 hydrogenation,

33 water−gas shift reaction,34
and Fischer−Tropsch process.35
We find that plasma exposure results in a significant

reduction in effective CO BE to Pt nanoparticle surfaces,
with a BE reduction that scales with the plasma density.
Moreover, deconvolution of the Pt−CO peak indicates that the
under-coordinated (UC, Pt surface sites with coordination
numbers <8) adsorption sites experience a larger decrease in
BE compared to well-coordinated (WC, Pt surface sites with
coordination numbers of 9) sites, i.e., ΔBEUC > ΔBEWC under
plasma exposure. To better interpret this result, we performed
DFT calculations, confirming that UC sites are more sensitive
to changes in the surface charge density, consistent with the
experimental findings.
Our work provides direct, experimental evidence of

nonthermal activation of adsorbates on metal catalyst surfaces
under nonthermal plasma excitation, underscoring the
importance of surface activation as opposed to gas-phase
activation of molecules for nonthermal plasma catalysis.
Plasmas can induce significant changes in the adsorbate BE
and the relative reactivity of different surface sites, which often
dictate catalytic reactivity for metal nanoparticles, confirming
that they can enable reaction pathways that are not achievable
in heat-based processes. From a practical point of view, this
could be leveraged to prevent catalyst poisoning, with CO
poisoning being a well-known issue in many heterogeneous

Figure 1. TPD using DRIFTS to measure the BE between CO and Pt with plasma exposure. (a) Schematic of the DRIFTS system coupled with an
RF plasma reactor. (b) Photograph of the Ar plasma while in operation. (c) DRIFTS spectra during a TPD experiment at 1 min intervals as
temperature increases. (d) Effective BE between CO and Pt as a function of the measured RF input power and (e) as a function of the measured
ion density. Measurements for both effective BE and ion density were repeated three times to determine error bars. Effective BE shows near-linear
dependence on the ion density and significantly decreases by ∼0.3 eV at a plasma power of 1.6 W. (f) Normalized negative derivative of A/A0 (A0
being the normalized area at 30 °C) with respect to temperature. A broad peak without plasma implies that the desorption of CO is dependent on
the coverage. The peak with the plasma shifts to a lower temperature and becomes narrower.
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catalytic processes. This study shows that plasma-activated
heterogeneous catalysis, while complex, can be investigated at
its most fundamental levels by careful selection of the
adsorbate-catalyst couple, providing a template for future
investigations of this class of processes. This approach can be
leveraged to extract fundamental parameters such as
adsorption energies under plasma exposure, which could
then be utilized to develop microkinetic models optimized for
the investigation of plasma-driven heterogeneous catalytic
processes.

■ RESULTS AND DISCUSSION

TPD Monitored by In Situ FTIR under Plasma Exposure

We performed in situ TPD experiments using diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS)
to measure adsorbate coverage. The commercial environ-
mental chamber (HVC-DRP-5, Harrick Scientific) is modified
by removing one of the three KBr windows and by replacing it
with a Pyrex tubular reactor (see Figure 1a,b). Argon flows
through the tube, and a radiofrequency-powered electrode is
wrapped around the tube to sustain the discharge. The argon
flow rate is 20 sccm, while the pressure is 3.7 Torr. The
reaction chamber is then heated with a ramp rate of 10 °C/min
during all TPD experiments. The effective CO BE is obtained
through Redhead analysis (Figure S1).36 It is assumed that the
BE is equivalent to the desorption activation barrier
(adsorption is barrierless). The effective BE is extracted at
the coverage where the maximum rate of desorption occurs. It
is important to appreciate that plasmas may influence the CO
desorption kinetics through different parallel mechanisms
(discussed in detail below). This may include modifications
to the kinetics of the thermal process or the introduction of
entirely new reaction channels. The existence of non-
equilibrium (electronically excited) processes at the surface
may cause nonthermal desorption pathways that cannot be
captured by the Redhead analysis. The BE extracted from
Redhead analysis is, therefore, an effective CO BE, which
encompasses all potential reaction pathways.
Figure S2a shows a photograph of the reactor with and

without the catalyst powder loaded in it. The powder is
pressed into the heater to make a small pellet. Figure S2b
confirms that the Pt particles are ∼1 nm in size with the
alumina support in the ∼20 nm size range. The scanning
electron microscopy images of the loaded powder (Figure S2c)
show a dense powder bed with a smooth surface. As discussed
by Zakem and Christopher,37 this configuration ensures that
the IR signal is sensitive to the top surface. At the same time,
there is minimal penetration of plasma within such a dense
powder bed. This experimental setup allows for the specific
probing of the plasma-affected surface layer. After loading, a
pretreatment protocol (see Table S1) is implemented to
ensure that the catalyst surface is clean and that the metal is
fully reduced. FTIR spectra over 20 min confirm the stable
chemisorption of CO on the Pt nanoparticles (Figure S3).
Figure 1c presents the obtained DRIFTS spectra during a TPD
experiment at 1 min intervals, showing the expected decrease
in peak area (proportional to coverage) as temperature
increases.
Upon igniting the plasma, we observe a small but

measurable blue-shift of the CO FTIR peak (Figure S4),
providing the first evidence of weakening of the CO BE on Pt.
Figure 1d shows the decrease in the effective CO BE on Pt

nanoparticles as a function of the actual RF input power used
for plasma generation. The actual power to sustain the plasma
is obtained by measuring the discharge RF voltage, current,
and the phase difference between them.38 We find that roughly
10−20% of the power provided by the RF power supply is
coupled to the discharge, consistent with our previous
experiences with these small plasma reactors. The BE,
calculated through the Redhead equation, is 1.55 eV/molecule
(=150 kJ/mol) without plasma. Readsorption of CO could
cause inaccurate measurements of BE,39 but we regard that it
does not significantly occur in our reaction chamber due to a
sufficiently high pumping rate and negligible penetration depth
of IR photons. Qi et al. measured a similar BE of 1.4 eV/
molecule (=136 kJ/mol) between CO and 2 nm Pt
nanoparticles using the identical system.40 Golibrzuch et al.
investigated the BE through the velocity-selected residence
time method and reported the BE being 1.47 eV (see Figure 10
in the ref 41). Ertl et al. measured a CO BE of 1.2 eV on a
Pt(111) single-crystal surface at 50% coverage.42 It is
important to note that Pt single-crystal surfaces exhibit lower
CO BE than small Pt particles because of the higher relative
concentration of WC adsorption sites.43

As shown in Figure 1d, the BE decreases with increasing RF
power as the sample is exposed to the plasma and then plateaus
for RF powers above 2 W. At a plasma power of 1.6 W, the BE
is decreased by ∼0.3 eV compared with the case without
plasma. This shows that even a low-power plasma (1.6 W) in a
nonreactive atmosphere can significantly enhance the kinetics
of CO desorption, with the temperature at the maximum rate
of desorption being ∼100 °C lower than that for the case
without the plasma. We point out that strong chemisorption of
CO, especially at low temperatures, has been shown to prevent
CO2 hydrogenation.

44 The plasma exposure, therefore, could
offer a pathway to control surface reaction kinetics in a manner
that cannot be achieved by thermal activation alone. We stress
that the CO desorption kinetics in this system can only be
influenced by plasma−surface interactions, distinct from the
plasma-induced gas phase excitation often assumed in
nonthermal plasma-promoted catalysis studies.
Plasma Density Measurements

We performed capacitive probe measurements to estimate the
plasma density and investigate its effect on the Pt−CO BE.45
Plasma density is an intrinsic property of the system, therefore
providing a more reliable metric than input power to compare
different reactors. Figure S5 shows the measured ion density as
a function of the RF input power. We find that the ion density
increases with increasing power in the low-power regime and
remains nearly constant at power levels above 2 W. While the
plasma density is expected to increase with input RF power, it
is also known to do so with a nontrivial relation that is affected
by the reactor geometry. Most importantly, the plot of the BE
as a function of the measured plasma density (Figure 1e)
shows a nearly linear relationship. This strongly supports the
conclusion that the BE can be tuned by controlling the plasma
impinging onto the catalyst-adsorbate couple.
As mentioned earlier, plasmas may influence surface reaction

kinetics through different parallel mechanisms, including
thermalization of plasma-produced species at the exposed
surfaces. This results in localized heating at the surface.
Previous in-operando Raman thermometry measurements
showed that the surface temperature of graphene increases
by as much as 160 °C at an RF power of 5 W in an argon
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plasma.46 We recently repeated this measurement for the case
of a self-assembled molecular monolayer and again found
significant localized heating of the surface.47 We stress that
those measurements were performed with the same setup
utilized for this study.46,47 While the localized heating effect is
certainly present, it is also not sufficient to explain the
measured kinetics of the desorption of CO from Pt. A purely
thermal effect would induce a shift in the peak desorption
temperature. Figure 1f shows that the desorption peak moves
to a lower temperature but the TPD spectrum also becomes
significantly narrower under plasma exposure, suggesting that a
thermal effect alone cannot explain the experimental
observation.
CO BE is coverage-dependent because CO−CO repulsive

forces tune the interaction between CO and the Pt surface,
resulting in the broadening of the desorption peak.48,49 Shan et
al. reported the reduction in BE as a function of the CO
coverage through DFT calculations, indicating that higher
coverage led to a lower BE.50 This has also been confirmed
experimentally.42 The narrowing of the peak in Figure 1f
suggests that the desorption of CO is less coverage-dependent
when irradiated by the argon plasma, consistent with it being
enhanced by the flux of plasma-produced species onto the
catalyst surface. Figure S6 suggests that desorption of CO
rapidly occurs at lower temperatures with argon plasma
exposure.
There is an abundance of reports suggesting that light can

drive surface chemistry on metal surfaces.25,35 The CO−Pt
bond can be selectively activated by resonant photoexcitation
of electronic transitions between bonding and antibonding
states.51 Therefore, we proceed to assess whether plasma-
produced photons can indeed reduce the BE in the Pt−CO
system.52

Light-Induced Effect

Figure 2a presents the measured light intensity as a function of
the RF input power. The light intensity increases with the RF
input power, reaching the highest light intensity at 1.7 × 10−4

W/cm2 at the highest RF power. As expected, the dependence
in Figure 2 closely resembles the trend of the plasma density
with RF power. Still, the photon irradiance from the argon
plasma is much smaller than typically used fluxes in studies of
photochemistry/catalysis on supported metal catalysts (>100
mW/cm2). Consistent with this hypothesis, control measure-
ment of BE under laser irradiation suggests that a power of 0.5
W/cm2 at 635 nm is needed to induce a ∼0.1 eV reduction in

effective BE, as shown in Figure 2b. This photon flux is orders
of magnitude higher than that supplied by the nonthermal
argon plasma, at least in our discharge configuration. We
conclude that the contribution from plasma-produced photons
to the reduction in the BE is negligible for this system.
Overall, these results suggest that plasma exposure leads to a

significant decrease in the effective BE of CO to Pt. Localized
heating effects at the catalyst surface likely contribute to the
decrease, although the kinetics of desorption strongly point to
the importance of nonthermal effects in this system. We can
rule out a major contribution from photochemical effects
induced by plasma-generated radiation. Other mechanisms
often hypothesized to affect surface chemistry in plasma
catalysis are fluxes of charged species, charging, and strong
electric fields at the catalyst surface. To the best of our
knowledge, experiments that can fully resolve the relative
importance of these mechanisms have yet to be designed and
executed. The strong coupling among them makes it
particularly challenging to probe these systems experimentally.
Nevertheless, we leverage the properties of the Pt−CO system
to gain insights into how plasma affects different bonding sites
on the surface of a nanoparticle Pt catalyst. With the aid of the
DFT calculation, we can conclusively attribute this phenom-
enon to the combination of surface charging and electric fields.
Selective Activation of Under-Coordinated Sites

Exposure to an argon nonthermal plasma affects not only the
BE of CO on Pt but also the depletion in CO coverage at
distinct sites on the Pt nanoparticle surface. We deconvoluted
the FTIR peak to resolve the contribution from WC (Pt
surface atoms with a coordination number of 9 to neighboring
Pt, e.g., terrace sites) and UC (Pt surface atoms with a
coordination number of <8 to neighboring Pt, e.g., step and
edge sites) sites (Figure S7). We do so by using broadly
accepted band assignments that attribute the 2065−2080 cm−1

band to CO adsorbed on WC sites and the 2050−2060 and
2030−2045 cm−1 bands to under-coordinated sites labeled as
UC1 and UC2, respectively.28,53 Although direct measure-
ments of the distribution of Pt surface site coordination
numbers are not possible, previous studies have demonstrated
that surface Pt coordination numbers can be inferred from CO
probe molecule DRIFT measurement.28

We estimated the BE of the CO to each site from the TPD
curve using the Redhead equation. Figure S8 shows the fitting
for both WC and UC sites based on the presence or absence of
plasma exposure with increasing temperature. We find that the

Figure 2. Comparison of photon irradiation from the plasma and the laser. (a) Light intensity as a function of the measured RF input power. Light
intensity measurements have been performed three times to determine error bars. (b) TPD data under dark conditions and 635 nm light exposure
(BE for dark mode: 1.4 eV and BE with light exposure: 1.3 eV). Light intensity from the Ar plasma is much weaker than that of the 635 nm laser.
These results suggest that plasma-induced photon irradiation cannot account for the desorption of CO in this system.
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BE for CO adsorbed onto UC2 sites is very close to that of
UC1 sites (Figure S9). We therefore proceed to sum the
integrated areas of both UC1 and UC2 sites and simply treat
them as under-coordinated (UC) sites. We have performed
this fitting three times for each separate data set to determine
the standard deviation. It is important to note that fast
diffusion of CO between UC and WC occurs, and thus, the
site-specific BEs represent the binding site-specific preference
of CO. In the absence of the argon plasma, the UC site has
higher BE than that of the WC site, as shown in Figure 3a
(BEUC = 1.58 ± 0.03 eV/molecule = 153 ± 3 kJ/mol and
BEWC = 1.40 ± 0.02 eV/molecule = 136 ± 2 kJ/mol). The
temperature at the maximum rate of desorption (Tmax) shows
an ∼60 °C difference between the WC and UC sites, as
exhibited in Figure 3b. This is consistent with literature reports
and expectations based on the d-band model.54,55 For instance,
Kalff et al. reported the activation energies for desorption of
the step site (UC site) and the terrace site (WC site) as 1.7
eV/molecule (=165 kJ/mol) and 1.4 eV/molecule (=136 kJ/
mol), respectively.56

Figure 3c shows the CO BE at UC and WC sites with
exposure to the argon plasma, with corresponding values of
1.21 ± 0.02 eV/molecule (=117 ± 2 kJ/mol) for both UC and
WC sites. The difference in Tmax between the UC and WC
sites reduces from ∼60 ± 8 °C to almost zero under plasma
exposure, as presented in Figure 3d. This confirms that the
change in BE is larger at the UC site compared to the WC site,
i.e., ΔBEUC > ΔBEWC. Plasma exposure can therefore markedly
change the relative site preference of CO on Pt away from the
strong preference for UC sites without plasma exposure.
The electrical double layer, or sheath, in front of plasma-

exposed surfaces inevitably leads to surface charging and
electric field formation. Previous theoretical work has
suggested that charging can indeed tune the BE of surface
adsorbates, which can be surface site-specific.57−59 Onn et al.
recently measured change in BE of CO adsorbed on the UC

sites of Pt nanoclusters (see Figure 5b in the ref 60) via a
catalytic condenser device capable of inducing electron or hole
accumulation on the Pt active sites.60 Motivated by these
considerations, we performed atomistic simulations to explore
the role of surface charging on both the UC and WC sites and
to compare the theoretical results with our measurements.
DFT Calculations

We calculated the effect of surface charging on the BE of CO
to Pt using the CP2K61,62 software package. The computa-
tional details are given in the Methods section of this
manuscript. We followed the approach proposed by Bal and
Neyts63 to model the surface charging induced by a plasma. In
this approach, the additional negative charge placed onto the
slab’s surface is compensated by a proton positioned within the
vacuum layer, thereby preserving the overall charge neutrality.
This technique has been accepted by the plasma community as
a viable representation of the environment created by a
nonthermal plasma interacting with a catalyst surface. Bal et al.
used it to model the effect of charging for the case of CO2
adsorption onto Ti, Ni, and Cu catalysts.57 Similarly,
Jafarzadeh et al. used the same strategy to model the activation
of CO2 on copper surfaces, finding that charging in this case
leads to an increase in adsorption energy.58,64 In our case, the
(111) and (211) facets of Pt are used to model the WC and
UC sites, respectively. For these calculations, the proton sits at
a distance of 25 Å from the surface. The addition of a single
negative charge to the surface corresponds to an average
charge density of −0.05 C/m2 for the (111) surface and −0.07
C/m2 for the (211) surface. Figure 4 illustrates different CO
adsorption configurations, along with the associated BE in both
neutral and charged environments. Under neutral conditions
(Figure 4a), the BE of CO on the WC Pt(111) is 2.24 eV/
molecule (=217 kJ/mol). However, a stronger BE is observed
on the UC Pt(211) surface under a similar condition (Figure
4d), with a BE of 2.69 eV/molecule (=260 kJ/mol). This is in
good agreement with published results.54−56 The prediction

Figure 3. Selective desorption of CO with the Ar plasma. (a,b) Normalized area (A/A0) obtained by integrating the FTIR spectrum and its
derivative with respect to temperature for the UC and WC sites without plasma. (c,d) Same quantities but with the 1.6 W Ar plasma. The change in
BE of the UC site is larger than that of the WC site (ΔBEUC: 0.37 eV and ΔBEWC: 0.19 eV), indicating that the Ar plasma promotes the activation
of CO on the UC site more than that on the WC site.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.4c00309
JACS Au 2024, 4, 2979−2988

2983

https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00309/suppl_file/au4c00309_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00309?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00309?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00309?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00309?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


from DFT calculations of a stronger BE than that observed in
the experiments is most likely due to the choice of exchange−
correlation functional and the effect of coverage. The Redhead
analysis extracts the BE from the temperature at which the
desorption rate is at its maximum, corresponding to ∼50%
surface coverage. Still, the DFT calculations successfully
predicted the relative BE of CO on WC and UC sites,
consistent with our measurements.
On the Pt(111) surface, the charged environment predicts a

slightly stronger BE for CO (Figure 4b) compared to

neutrality. In contrast, a reverse trend emerges for the
Pt(211) surface with the BE of CO being weaker on the
charged surface (Figure 4e) relative to the uncharged state
(Figure 4d). Figure 4c depicts the adsorption configuration of
CO on Pt(111) with 2e− charges on the surface, yielding a BE
of 2.24 eV/molecule (=217 kJ/mol). Notably, the BE for CO
on the Pt(211) surface with 2e− charges (Figure 4f)
experiences a significant reduction compared to neutral and
singly charged surfaces, with BE decreasing to 1.8 eV/molecule
(=175 kJ/mol). These results are summarized in Figure 4g,
showing that the Pt(211) surface, which is a proxy for UC
surface sites, is much more sensitive to surface charging than
the Pt(111) surface, i.e., WC sites. This is in good agreement
with the experimental results shown in Figure 4.
We assessed the role played by the electric field by

calculating the BE of CO on Pt(111) and Pt(211) surfaces
while varying the distance of the counterion from the surface.
Supporting Information includes adsorption configurations of
CO on Pt(111) and Pt(211) surfaces with 1e−/1H+ charges at
a distance of 40 Å (i.e., weaker electric field compared to the
25 Å case) above the surface, yielding adsorption energies of
2.19 eV/molecule (=213 kJ/mol, Figure S10a) and 2.52 eV/
molecule (=244 kJ/mol, Figure S10b), respectively. These
values are close to those for the neutral system, underscoring
how both charging and electric fields contribute to the
reduction in BE, especially for the UC sites.
It is important to note that the combination of surface

charge and electric field explains the relative change in the BE
for the WC and UC sites. Still, the DFT calculations show that
charging does not strongly affect the BE for the WC sites, while
our measurements show a decrease in the BE for these sites as
well under plasma exposure. As mentioned earlier, this could
be explained by the localized release of energy at the plasma-
exposure surfaces. Other mechanisms, such as the flux of
charged species to the surface, could play a role here as well.
Reports suggest that the electron flux generated by a scanning
tunneling probe can induce chemical changes in the case of
CO- or CO2-covered metal surfaces.

65,66 Our findings are
consistent with those recently reported by Xu et al., who
observed an enhancement of CO2 hydrogenation through less
CO poisoning by nonthermal plasma surface activation.9

Finally, the fact that we effectively measure the same BE for
WC and UC sites under plasma exposure is consistent with the
rapid migration of CO from terraces to steps, where the

Figure 4. Various adsorption configurations of the CO on Pt(111)
and Pt(211) surfaces. (a,d) Stronger adsorption of CO on the neutral
Pt(211) surface rather than the Pt(111) surface. (b,e) One surface
charge. (c,f) Two surface charges on both Pt(111) and Pt(211). (g)
Change in BE of Pt(111) and Pt(211) surfaces as a function of the
number of surface charges. Interestingly, while the BE of Pt(111)
surface remains nearly constant regardless of the negative charges
induced on the surface, the BE of Pt(211) surface is significantly
reduced in the presence of surface charges.

Figure 5. Selectively desorbed CO on the UC site of Pt nanoparticles under Ar plasma exposure. The schematic shows that the BE for the UC sites
is higher than that of the WC sites in the absence of argon plasma exposure (left panel). With the argon plasma exposure (right panel), surface
charging and electric field promote selective activation of CO of the UC site. The low activation energy for the diffusion of CO on Pt (∼0.2 eV)
suggests that CO adsorbed on the WC sites migrates to the vacant UC sites, resulting in almost the same BE for both sites with argon plasma
exposure.
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combination of charging and the electric field reduces the BE
strongly. We point out that the activation energy of surface
diffusion for CO on Pt is relatively low (∼0.2 eV).

■ CONCLUSIONS
We utilized TPD to perform an in-depth investigation of how a
nonthermal plasma affects the desorption of CO from Pt
nanoparticles. Overall, the nonthermal plasma induces a
significant reduction in BE, which scales linearly with the
plasma density. This opens the possibility of using a
nonthermal plasma to mitigate the CO-induced poisoning of
the catalyst surface. The thermalization of plasma-produced
species at the exposed catalyst surface, which leads to surface-
localized heating, most likely contributes to the decrease in the
temperature at the maximum rate of desorption, although this
thermal effect alone cannot explain the measured kinetics of
desorption. The considerable narrowing of the temperature
interval in which desorption takes place suggests that the
process is much less surface coverage dependent on plasma
exposure. While the flux of plasma-produced species to the
catalyst surface may contribute to the reduction in BE, we find
that plasma-generated photons do not play a significant role in
decreasing BE. Most importantly, we have found that plasma
exposure strongly affects the relative activity of different surface
sites on the Pt nanoclusters, with the decrease in BE being
considerably more significant for the under-coordinated sites
compared to the well-coordinate ones, as graphically
summarized in Figure 5. DFT calculations confirm that the
undercoordinate sites are much more sensitive to surface
charging and electric fields compared to well-coordinate sites.
Overall, this work suggests that nonthermal plasmas strongly

affect the kinetics of fundamental surface processes. These
effects play a major role in tuning the activity and selectivity of
catalysts under plasma exposure. These effects should be
included in the microkinetics models that already incorporate
plasma-induced gas-phase excitation and that are broadly
utilized by the community. Accounting for these effects would
likely improve the interpretation of reactor-level behavior.
While this work provides mechanistic insights into the
microscopic phenomena occurring at the plasma−catalyst
interface, continued efforts should be devoted to the design of
experiments and models that can address how different plasma-
produced species (e.g., electrons and ions) affect the rate of
surface reactions.

■ METHODS

Catalyst Preparation
The 1% Pt/Al2O3 catalyst was synthesized by impregnating gamma
alumina (γ-Al2O3 99.99% purity, 20 nm particle size, SkySpring
Nanomaterials Inc.) with tetraammineplatinum(II) nitrate (Pt-
(NH3)4(NO3)2, 99.995% purity, trace metal basis, Sigma-Aldrich).
For the synthesis of 1 g of the catalyst, 0.02 g of Pt(NH3)4(NO3)2 was
dissolved in 3.0 mL of high-performance liquid chromatography grade
H2O, resulting in a uniform solution. The solution of Pt-
(NH3)4(NO3)2 was then combined with 0.99 g of γ-Al2O3, creating
a white slurry. Afterward, the catalyst was dried at 100 °C overnight to
remove any excess water, followed by calcination at 600 °C in the
presence of airflow for 6 h.
TPD Experiments
The schematic and picture of our experimental system are shown in
Figure 1a,b. TPD experiments were carried out using a high-
temperature reaction chamber through DRIFTS. The reaction
chamber was equipped inside a Praying Mantis diffuse reflectance

adapter (DRP-XXX, Harrick Scientific). The adapter was then
mounted on a FTIR spectrometer (iS50, Thermo Fisher Scientific).
All spectra were obtained using a reduced catalyst bed as a
background, utilizing a liquid-nitrogen-cooled HgCdTe detector and
averaging 16 scans at a resolution of 4 cm−1. All temperatures used in
this study were calibrated using a thermocouple in order to accurately
represent the temperature of the catalyst surface (Figure S11). We did
a strict pretreatment to fully reduce the catalyst before all TPD
experiments (Table S1). Once the pretreatment was completed, a
background FTIR spectrum was obtained at room temperature
without any CO exposure; then chemisorption of CO occurred at
room temperature when flowing 10 sccm of CO and 20 sccm of Ar for
10 min. Prior to the initiating TPD experiments, the reaction chamber
was flushed through 20 sccm of Ar gas for 3 min to remove any
remaining gas-phase CO in the chamber. During all TPD experi-
ments, the pressure was maintained at 3.7 Torr. The flow rate of Ar
was kept at 20 sccm. We set the ramp rate at 10 °C/min by using a
temperature controller (ATK-024-3, Harrick Scientific). The obtained
spectra were baseline corrected to remove broad shifts in the spectra
that did not affect the shape of the CO peak.
One of the KBr windows was replaced by a plasma reactor with a

diameter of 5.4 mm for Ar plasma irradiation (Figure 1b). The RF-
biased electrode was covered outside of the reactor tube and powered
by a power supply (RFPP RF-5S, Advanced Energy). The electrical
impedance was matched through a matching network (MFJ-989D,
MFJ). The Ar plasma was ignited with the 20 sccm of Ar flow. The
flow rate of gases was controlled by mass flow controllers (MKS
1179C, MKS Instruments).
Light Intensity Measurements
Light intensity was measured by using a Si-biased detector (DET10A,
Thorlabs) by reading the voltage through an oscilloscope (TES2024C
Tektronix). We mounted the detector outside one of the KBr
windows and then obtained current from the measured voltage using
Ohm’s law (resistance = 1 MΩ). We used a responsivity of 0.328 A/
W when converting the current to power, considering that the Ar
plasma emits photons of various wavelengths (Figure S12). The signal
intensity is corrected to account for the ∼90% transmissivity of the
KBr window.
Plasma Density Measurements
The capacitive probe measurements were conducted to measure the
ion density of the Ar plasma. The probe was inserted into the reaction
chamber through one of the KBr windows. A copper wire with a
diameter of 2.5 mm and a length of 0.5 mm was employed as a probe
tip and connected to a 200 pF capacitor and an RF power supply
(RFPP RF-5S, Advanced Energy) capable of pulsed operation. The
capacitor voltage was measured through an oscilloscope (TES2024C
Tektronix). The RF power supply charged the capacitor negatively via
the pulse. The capacitor then discharged due to the ion flux from the
Ar plasma toward the probe (Figure S13).
We assumed that Ar ions enter the sheath edge with Bohm velocity.

To calculate the Bohm velocity, it is necessary to know the electron
temperature. The electron temperature was estimated by balancing
the rates of ionization (as obtained by Bolsig+) and wall losses.67 Our
previous report summarized this method well.11 We obtained a value
of electron temperature of 5.5 eV, independent of the RF power.
DFT Calculations
Utilizing the CP2K61,62 software package, we carried out DFT
calculations. Energies and forces were determined using the Gaussian
and plane wave method,68 incorporating GTH pseudopotentials69,70

to account for core−valence interactions. A double-ζ valence potential
basis set was utilized to expand the Kohn−Sham valence orbitals. An
auxiliary plane wave basis set of 500 Ry was defined to model the
electron density. The DFT calculation employed the PBE71 functional
for exchange and correlation, supplemented by Grimme’s D3
dispersion correction in its Becke−Jhonson damping form.72 Our
calculations were carried out with Pt(111) and Pt(211) surfaces for
CO adsorption (Figure S14). A 3 × 2 × 1 slab was utilized to model
the Pt(111) and Pt(211) surfaces, where the bottom two layers of
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each substrate were fixed to correspond with the bulk lattice
configuration.
A simplistic approach to simulate a charged catalyst surface

involves the addition of an electron directly to the surface, inducing a
negative charge. However, this method is unsuitable due to the
divergence of the electrostatic energy in periodically replicated
charged systems, which defies physical reality. Conventional
electronic structure techniques circumvent this issue by placing the
charged system in a neutral background charge. Nevertheless, this
strategy becomes inadequate with systems characterized by a
nonuniform distribution of countercharge.73 We introduce a positive
countercharge onto the negatively charged surface with the CP2K
code.61,62 The proton represents the most straightforward choice for
this countercharge. The approach yields a credible depiction of a
charged catalyst surface exposed to plasma due to two critical factors:
(1) it realistically depicts a negatively charged surface in contact with
a gas phase carrying positive countercharges, and (2) it spontaneously
generates an electric field perpendicular to the surface. We
implemented this approach using the methodology by Bal and
Neyts,63 i.e., by introducing an additional electron charge to the slab’s
surface while compensating it with a proton positioned within the
vacuum layer, thereby preserving the overall charge neutrality.
Notably, the H+ counterion was assigned a null basis set, ensuring
its isolation from interactions with other system atoms. This strategic
decision directed the surplus electron to associate primarily with the
surface rather than with the H+ entity itself. In charged systems, the
proton counterion was positioned approximately 25 Å above the
surface, and the total cell height of 100 Å was used. Similarly, a total
cell height of 100 Å was also employed for uncharged systems. Within
our simulations, we employed the Martyna−Tuckerman (MT)
solver,74 enabling the imposition of two periodic directions (aligned
with the surface in the xy-plane) and one nonperiodic direction
(corresponding to the surface normal in the z-direction). The MT
solver serves as a reciprocal space-driven technique for evaluating
electrostatic energies, accommodating the treatment of both isolated
and periodically replicated systems within a unified framework.
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