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Abstract

This study investigates the catalytic mechanisms undedying the chemical vapor deposition
(CVD) of iron (Fe) and cobalt (Co) on pall 'u@corated reduced graphene oxide (Pd/rGO)
compared to bare rGO. Pd nanoparticles (~ nm) on rGO significantly enhance precursor
decomposition and catalyst fo%)n. Temperature-resolved gas-phase Fourier-transform
infrared (FTIR) spectrosco@acked ferrocene and cobaltocene decomposition, revealing
distinct optimal temp%@ windows—termed Frontier Thermal Bulwarks (FTBs)—for Fe
(100-270 °C) andQ(40—l4O °C) deposition. Pd/rGO exhibited earlier onset of gas-phase
precursor decomposition (~100 °C for Fe and ~40 °C for Co) and higher C—H stretching band
int 'tiegan rGO, highlighting Pd’s role in efficient H- dissociation and ligand activation.
Uneih)ectral features, including 1037/1094 cm™ peaks for cobaltocene, correspond to
specific intermediate species arising from its 19-electron instability. The selective CVD on

Pd/rGO promotes intimate Fe/Co-Pd interactions, which may enhance catalytic performance

while minimizing precious metal usage. These findings provide key insights for optimizing
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CVD conditions in the development of advanced nanostructured catalysts for energy and

environmental applications.

Keywords: Palladium Nanoparticles, Ferrocene, Cobaltocene, Reduced Graphene Oxide,

Selective Chemical Vapor Deposition; Gas-FTIR Monitoring.

1. Introduction (b'

The development of Pd nanoparticles supported on transition metals such as Fe Qo has
emerged as a powerful strategy for designing advanced nanostructured ¢ . These Pd—
metal heterostructures offer high surface areas, tunable electro«u&&erﬁes, and robust
interfacial interactions that synergistically enhance catalytic @Tﬂance. [1], [2], [3] By
facilitating hybrid active sites, introducing surface defec &}promoting effective electron
and mass transport, these materials enable superi@@

trol over key catalytic reactions

including oxidation,[4], [5] hydrogenation,[6], [(/], }8] and Fischer-Tropsch synthesis. [9], [10]

Metallic Fe and Co bring distinct catalytic advantages. Fe is broadly investigated for its ability
to modulate electronic states an@%xygen vacancies, significantly improving reactivity
in environmental catalysis,@ as NOx reduction.[11], [12] Co exhibits versatile redox
behavior via Co2+/C03& tions, facilitating its critical role in electrochemical energy storage
[13] and convex@ chnologies.[14] Integration of these metals with Pd not only enhances

catalytic ity but also improves catalyst stability by mitigating sintering and poisoning

ich is essential for scalable industrial applications. [15][16], [17] Furthermore, the
catalytic efficacy of Pd can be significantly augmented through bimetallic synergy with Fe or Co, as
these secondary metals reduce the HOMO-LUMO gap and stabilize the active sites, enabling efficient
activation of inert C—H bonds under mild conditions for transformations such as C—C, C—0, C—X,
and C—N bond formations.[18] This approach leverages Pd(Il)-mediated C—H activation mechanisms,
where the formation of organometallic intermediates facilitates selective functionalization, a strategy

increasingly explored in the design of carbon-supported heterogeneous catalysts.[18]
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Reduced graphene oxide (rGO) has emerged as a preferred support material due to its two-
dimensional layered structure, exceptional electrical conductivity, and abundance of functional
groups (e.g., hydroxyl, epoxy, carboxyl), which collectively enhance its versatility in catalytic
applications. [19] These intrinsic properties facilitate robust anchoring and uniform dispersion
of Pd, Fe, and Co nanoparticles, effectively mitigating particle aggregation while accelerating
charge transfer kinetics, thereby optimizing catalytic efficiency.[20] Recent advanc@ts
have introduced a novel class of catalytic materials termed “GrafeoPlad,” whe; aphene
oxide is intricately entrapped within palladium nanoparticles, forming -organic hybrid
structures that exhibit enhanced catalytic performance in heterogc@feactions.[ﬂ] This
innovative architecture leverages the synergistic interplay betwe@O’s structural framework
and the catalytic activity of Pd, opening new ave &for reaction engineering.[22]
Consequently, rGO-supported catalysts have dem: r@ed superior efficacy across a broad

spectrum of applications, including electr% icdl sensing and pollutant degradation. [23],

[24], [25], [26]

Despite these advances, precise ﬁver nanoparticle size, distribution, and atomic-level
interfacial structure remains challenge due to the complex chemistry of metal precursors
and their surface reac% . Vapor-phase deposition techniques like atomic layer deposition
(ALD) and sel@/ VD have made significant progress toward atomic-scale synthesis
control. Fcr)CAmple, Mehravar et al. employed selective CVD to deposit Ru on Ni/rGO,
achi remarkable dispersion and catalytic activity in propane steam reforming.[27]
Similarly, Parnian et al. demonstrated enhanced reducibility and selectivity of Ru catalysts via

selective CVD on Co/y-Al:0s for Fischer—Tropsch synthesis.[28]

Building on these breakthroughs, the present study introduces a dual-temperature selective
CVD approach combined with real-time, in situ gaseous FTIR spectroscopy to fabricate Fe/Pd-
rGO and Co/Pd-rGO catalysts. Central to this work is the introduction of a novel concept—
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called the FTB—which defines precisely controlled temperature windows optimized for each
metal system to govern precursor decomposition and surface reactions with ultrahigh precision.
This strategy not only enables exceptional process reproducibility and material quality but also
facilitates targeted nanoscale interface engineering. The integration of real-time FTIR
monitoring further enhances synthetic robustness, marking a significant advance in catalytic

material fabrication and setting new standards for atomic-level catalyst design. (b

2. Experimental Q\'

2.1 Materials ,x&

The chemicals used for catalyst synthesis were: graphite fine pov%299.9%, Sigma-Aldrich,
USA), sulfuric acid (H2SOa4, 95-97%, Sigma-Aldrich, USA )Nphosphoric acid (HsPO4, >85%,
Sigma-Aldrich, USA), potassium permanganatg (@1 4, >99%, Sigma-Aldrich, USA),
hydrogen peroxide (H202, 35% w/w, Sig drich, USA), palladium(II) chloride (PdCla,
>59% Pd basis, Merck, Germany), sodium%\ydride (NaBHa4, >98%, Sigma-Aldrich, USA),

ferrocene (Fe(CsHs)2, >98%, % rich, USA), and cobaltocene (Co(CsHs)2, >99%,

Sigma-Aldrich, USA). b’

2.2 Samples Prepar

2.1 Preparatm@g

Gra§ 1te®de was prepared using an adapted Hummers' method [29]. Initially, 45 mL of

concentrated H.SO4 and 5 mL of H;PO4 were mixed at room temperature. Then, 1 g of pure
graphite powder was added and stirred vigorously at 500 rpm in an ice bath. Subsequently, 6 g
of KMnOa4 was gradually incorporated, and the mixture’s temperature was slowly increased to
35 °C over 30 minutes, then maintained for 48 hours. After cooling, H-O2 was added dropwise
until the solution turned yellow. The product was washed with deionized water, centrifuged

multiple times, and vacuum-dried at 70 °C for 4 hours.
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2.2 Preparation of Pd/rGO

The Concurrent Reduction method for synthesizing a Pd/rGO catalyst involves dispersing 1.0
g of GO in 200 mL of deionized water through 30-minute ultrasonication, followed by adding
0.052 g of PACl: and stirring at 500 rpm for 1 hour. Subsequently, 100 mL of a 0.02 M NaBH4
aqueous solution is added dropwise over 10 minutes to co-reduce GO and PdCl:, and the
mixture is incubated at 85 °C for 3 hours. The resulting catalyst is separated by gent@&gn
at 4,000 rpm, and vacuum-dried at 60 °C for 12 hours. Inductively coupled }a—optical

emission spectroscopy (ICP-OES) analysis confirms a palladium loadin@ wt%.
2.3.2 Preparation of Fe on Pd/rGO (bi
[
e

The selective Fe deposition method employs CVD to de & nanoparticles onto Pd/rGO
using ferrocene as the precursor. Initially, 0.5 g of. fen@ﬁplaced in the precursor chamber,
while 1.0 g of Pd/rGO (3.8 wt% Pd) is lo deGDt}the deposition chamber. The system is
degassed at 200 °C and cooled to ambien%erature. Ferrocene sublimation is initiated by
heating the precursor chamber,to under a continuous argon flow at 10 mL min™.
Simultaneously, hydrogen isMgtroduced to the deposition zone at 20 mL min™ to facilitate
reduction.The deposit@e temperature is incrementally raised from 30 °C to 400 °C in 10
°C steps, with CV. ducted at each interval to achieve controlled Fe deposition. Real-time

gas-phase F Qectroscopy monitors the process, optimizing conditions for selective Fe

na arthormation on Pd active sites.
2.3.2’Preparition of Co on Pd/rGO

The selective cobalt deposition method harnesses CVD to intricately anchor cobalt
nanoparticles onto Pd/rGO, using cobaltocene as the precursor. A 0.5 g portion of cobaltocene
is loaded into the precursor chamber, paired with 1.0 g of Pd/rGO (3.8 wt% Pd) in the

deposition chamber. After degassing at 200 °C and cooling to room temperature, the precursor
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chamber is gently heated to 85 °C under a steady argon stream flowing at 10 mL min™" to trigger
sublimation, while hydrogen gas, flowing at 20 mL min™', is directed into the deposition zone
to facilitate reduction. The deposition zone temperature is methodically ramped from 30 °C to
400 °C in 10 °C increments, with CVD executed at each step to sculpt precise cobalt
nanoparticle formation. Real-time gas-phase FTIR spectroscopy vigilantly tracks the process,

ensuring optimal conditions for selective cobalt integration onto Pd active sites, deliv@ a

3
o

2.4 Characterization Techniques &

finely tuned catalyst.

FTIR spectroscopy was performed using a Nicolet iS50 s%kter (Thermo Fisher
°
Scientific, USA) to analyze effluent gases from the CVD &%A)n, covering a wavenumber
range of 4004000 cm™. X-ray diffraction (X?D) %s was conducted on a Rigaku
SmartLab diffractometer (Rigaku, Japan) usi@ Ka radiation (A = 1.5406 A), with
diffraction patterns collected over a 26 ran®€ of)10-85° at a scan rate of 2° min™! to determine
the phase composition, crystallinity,&% lattice parameters of Pd/rGO nanomaterials. The
concentrations of Pd, Co andyFe in the catalysts were quantified via ICP-OES using an Agilent

5110 instrument (Agilent ologies, USA), providing precise metal loading measurements.

XN

3. Results and %Qion

3.1 charad@tion of Pd/rGO

The%spectrum of Pd-rGO, as depicted in Figure 1(a), elucidates the surface chemistry of
this catalytically active material. A prominent broad band at ~3400 cm™, attributed to O—H
stretching vibrations, indicates the presence of hydroxide groups or adsorbed water, consistent
with residual hydration on the rGO surface. [30] Peaks at ~2920 and ~2800 cm™, assigned to
C—H stretching, and a peak at 1384 cm™, linked to C—H bending, reveal residual hydrocarbon

functionalities at defect sites or edges. [19], [31] A sharp peak at 1620 cm™ confirms the
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restoration of conjugated C=C bonds, characteristic of the sp>-hybridized carbon lattice in
rGO.[19] Additionally, a band at ~1110 cm™ corresponds to C—-O stretching, reflecting
persistent oxygen-containing groups. [19] These spectral features collectively affirm Pd-rGO
as a partially reduced, functionalized graphene material with enhanced surface reactivity for

catalytic applications.

The XRD pattern of the Pd/ rGO sample shows peaks at 26 values of 24.8°, 39.0, 4@%",
66°, and 79°, elucidating its crystallographic structure (Figure 1(b)). Th }at 24.8°
corresponds to the (002) plane of rGO, reflecting its graphitic layered strugtfige,¥vhile the peaks
at 39°, 45°, 66°, and 79° match the (111), (200), (220), and (311) pla&ace centered cubic
(FCC) Pd, respectively, per JCPDS 46-1043, confirming cry@&d nanoparticles. The peak
at 42.8°, attributed to the C(100) plane, indicates in-pl phitic ordering within the rGO
framework. Application of the Scherrer equatlonx@ Pd peaks estimates the average Pd
nanoparticle size to be 9.37 nm, suggesti g-)dlspersed, nanoscale Pd crystallites on the
rGO support. This composite material €hibits no significant impurity phases, with the XRD

pattern affirming the structural m@ f both Pd and rGO components.

Figure 1
3.2 Selective CVD on Pd/rGO

The Gas-FT ysis of ferrocene decomposition on Pd/rGO (3.8 wt% Pd) during CVD
prov1des ight into the temperature-dependent catalytic pathways involved. At the
subliination temperature of approximately 80 °C, ferrocene’s vapor pressure (~94 Pa)[32]
facilitates efficient precursor delivery to the reaction zone, where hydrogen acts to cleave
ligands and promote hydrogenation reactions. FTIR spectra collected across a temperature
range of 30 to 400 °C (Figure 2(a)) reveal characteristic vibrational modes. Persistent peaks
between 550—750 cm™! correspond to out-of-plane C—H bending and ring deformation modes

associated with cyclopentadienyl (CsHs), cyclopentadiene (CsHs), and cyclopentene (CsHs).
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The 750-1000cm™ region features in-plane C—H bending vibrations, while the 1250—
1800 cm™ and 3400-4000 cm™ regions indicate the presence of water (H-0). Additional peaks
at 2080-2220 cm™ are attributed to C=0 stretching in CO, whereas signals between 2250—
2500 cm™ correspond to C=O stretching in CO.. The broad 2700-3200cm™ region
encompasses C—H stretching modes from CsHs, CsHs, and methane (CH4). Control experiments
without ferrocene (Figure 2(b)) demonstrate that H-O and CO: peaks are background f@es

[
originating from residual moisture or ambient air, remaining stable across thew erature

interval. (b,

In the lower temperature range (<100 °C), the prominent 5§0—@'cm‘ peak predominantly
signifies the sublimation of intact ferrocene or its derivativ@‘(csHs)z). As the temperature
increases from 100 °C to 240 °C, the emergence Q@Qwithin 750-1000 cm™ and the
intensification of C—H stretching signals at 288@%2966 cm '—both amplifying with rising
temperature—serve as clear evidence of catalyzed ferrocene decomposition. These spectral
changes correspond to H:-assisted It cleavage, resulting in the liberation of metallic Fe
and the formation of unsaturdted hydfocarbons such as CsHs and CsHs. Above 240 °C, the FTIR
spectra indicate a declin sHe- and CsHs-related signals, while peaks associated with CHy
at~3100 cm™ (Fig@ ¢)) and CO at 20802220 cm ! increase in intensity. This shift suggests
further hydr@@ cracking and ring-opening reactions leading to CH4 formation, along with
partial o@tion where oxygen functionalities on rGO (as shown in Figure 1(a)) react with
evo@arbon species to produce CO. The persistent 550-750 cm™ band confirms the
presence of residual aromatic ring fragments. The progressive rise in CO signals reflects
activation of oxygen-containing groups on rGO at elevated temperatures, highlighting their
role in oxidation pathways. Overall, these observations emphasize the catalytic influence of
Pd/rGO in directing ferrocene decomposition toward specific gaseous byproducts, with

temperature serving as a critical parameter for optimizing Fe deposition processes. The thermal

8



decomposition of ferrocene on rGO produces CsHs, CsHs, and CHa, consistent with our previous
observations of nickelocene (Ni(CsHs)2) decomposition on boron nitride, which were validated by gas
chromatography. [33]

Figure 2
The thermal behavior of ferrocene decomposition during CVD on rGO was thoroughly
examined to elucidate its influence on Fe deposition processes. FTIR spectra, shown in F'ﬁre
3, reveal vibrational modes analogous to those observed on Pd/rGO, including a p%{@t peak
in the 550-750 cm™ range attributable to out-of-plane C—H bending and eformation
within CsHs, CsHs, CsHs groups. Additionally, bands at 750—-1000 cpal’ & pond to in-plane
C-H bending modes of unsaturated hydrocarbons, while si%SNSO 2220 cm™ are
characteristic of CO stretching, and 2250-2500 cm™ e&%{flated with CO: vibrational

modes. The broad region of 2700-3200 cm™ encomp ;! H stretching vibrations.

\
A notable difference compared to Pd/rG Cﬁsence of the prominent peaks at 2884 and
2966 cm'—assigned to symmetric a symrnetrlc C-H stretches of CsHs’s CH2 groups and
CsHs’s CH2—above 200 °C, 1nd1 1€ss formation of unsaturated hydrocarbons in the rGO
system. Instead, a pronou Ha peak appears near 3100 cm™ at temperatures exceeding
290 °C, suggesting @

e decomposition pathway on rGO favors hydrocarbon cracking

leading to CH4 @e an the accumulation of CsHs and CsHs.

C)

Figure 3
Ac tive analysis of Fe CVD on Pd/rGO versus bare rGO was performed by integrating

the peak areas of characteristic gas-phase products obtained from FTIR spectra over a wide
temperature range. This quantitative approach enables identification of temperature-dependent
catalytic activity and mechanistic distinctions, revealing the concept of a FTB, a temperature

boundary marking the transition between distinct decomposition regimes. The temperature-
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dependent integrated absorbance areas of hydrocarbon intermediate bands (C—H stretching

modes, 2700-3200 cm™) were quantitatively compared between both systems (Figure 4).

This analysis reveals markedly enhanced ferrocene decomposition on Pd/rGO relative to bare
rGO, particularly within the critical FTBs range (100-270 °C) — the optimal temperature
window for efficient Fe deposition. This enhanced decomposition on Pd/rGO correlates with
the high intensity of the 2884/2966 cm™ peaks, reflective of active formation of C.sH(, @%s
These findings highlight Pd’s superior catalytic capability to dissociate HG facilitate
hydrogenation reactions, promoting ligand removal and hydrocarbon fo n. Conversely,
rGO alone exhibits sluggish decomposition behavior attributable to its lifited catalytic activity,
primarily driven by surface defects and oxygen functiona%&%his system, hydrocarbon
cracking predominantly results in CH4 formation at h@«temperatures, indicating a shift

[
toward CsHe fragmentation pathways with mlx@ generation of higher unsaturated

hydrocarbons. %O
g § Figure 4
3.3 Selective CVD of Co o Pw

The CVD of Co on Pd/r ing cobaltocene as a precursor reveals temperature-dependent
catalytic pathwaysQSverge significantly from those observed in ferrocene CVD. At its
sublimation ature of 85 °C, cobaltocene exhibits a vapor pressure of ~91 Pa, [32]

enabling @tive precursor delivery. Decomposition initiates at a low temperature of ~40 °C, driven
by chne’s 19-electron electronic instability and weaker Co—CsHs bonds (~180 kJ/mol),

contrasting with ferrocene’s more stable decomposition profile.

Gas-phase FTIR spectroscopy reveals distinct vibrational bands (Figure 5(a)), with onset
peaks detected from ~40 °C including 550-750 cm™ (out-of-plane C—H bending and ring
deformation of CsHs), 800 cm™ (=CH bending modes typical of CH wagging or CH: rocking

in acyclic alkenes), 1037 and 1094 cm™ (in-plane =CH bending/stretching consistent with

10



Yo

Yoy

YoY

Yoy

Yot

Yoo

yYou

YoV

YoA

yoq

Y.

Y

Yy

iy

Yi¢

Yo

acyclic alkenes such as 1-pentene), and around 1300 cm™ (CH: stretching vibrations associated
with linear alkanes like pentane) [34]. Weak hydrocarbon C—H stretching modes at 2884 and
2966 cm™! also appear starting at this temperature. The intensity of the 800, 1037, 1094, ~1300,

and 2884/2966 cm™' bands grows up to 130 °C, after which they diminish.

Environmental background signals for CO: (2250-2500 cm™) and H20 (~1500-1700 and
~3500-3700 cm™) are present throughout (Figure 5(b)), while CO (2080—222.0 c@fbéo
stretching) and CHas (~3100 cm™) evolve at elevated temperatures. U errocene
decomposition, FTIR spectra lack peaks in the 750-1000 cm™' range (in- —H bending in

cyclic structures), indicating the absence of stable cyclic hydrocarbon 1fitermediates.

o
The decomposition pathway involves rapid ligand dissoci%&Co(CsHs)z — Co + 2 CsHe)
beginning near 40 °C. The persistent 1037 and 10.94 (@%ks provide clear evidence for the
formation of acyclic hydrocarbons like 1—pente@MFCH—CHz—CHz—CHa), while the 800
cm ™! band confirms =CH vibrations charact€fisfic of acyclic alkenes. The band near 1300 cm™
corresponds to linear alkanes such a tane (CHs—CH>—CH>—CH.—CHs), further supporting

rapid ring-opening of the cyglopemtadienyl ligands. The increasing intensity of hydrocarbon

C-H stretching modes nd 2966 cm™) up to 130 °C reflects accumulation of these

species. &

Beyond 130 Q progressive attenuation of the hydrocarbon C—H signals (2884/2966 cm™)
and peak$at’800, 1037, 1094, and ~1300 cm ™ coincides with the rise of CH4 (~3100 cm™) and
CO (2080-2220 cm™) bands (Figure 5(c)). This transition indicates hydrocarbon cracking to

CH4 and oxidation of residual carbon species by surface O—H and C—O functionalities on rGO,

producing CO.
Figure 5

The thermal decomposition of cobaltocene during CVD on pristine rGO was investigated to
delineate catalytic influences and mechanistic pathways relevant to cobalt deposition. Gas-

11
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phase FTIR spectra collected from 30 to 400 °C reveal key vibrational signatures (Figure 6).
Even prior to decomposition, peaks in the 550—750 cm™' range (out-of-plane C—H bending and
ring deformation of CsHs) are detectable. Decomposition initiates at a higher threshold of
approximately 150 °C, marked by the emergence of peaks at 800 cm™ (=CH bending in acyclic
alkenes such as CH wag or CH: rock), 1037 and 1094 cm™ (in-plane =CH bending/stretching
modes consistent with acyclic alkenes like 1-pentene), ~1300 cm™ (CH: stretching ir@ar
alkanes like pentane), and symmetric/asymmetric C—H stretching near 2884/25&0 “1[34].
Notably, intensities of these peaks remain weak at decomposition onset. W ¢ of bands in
the 750—1000 cm™ region confirms lack of stable cyclic hydrocar% ackground signals
corresponding to CO: (2250-2500 cm™) and H-0 (~1500—470®d ~3500-3700 cm™) are

observed throughout, while CH4 (3100 cm™) and CO (2@&20 cm™') manifest at elevated

temperatures. o @

Cobaltocene decomposition on rGO begi d 150 °C with rapid ligand dissociation,
facilitated by catalytic sites associated wWith surface defects and oxygen-containing moieties on
rGO (Co(CsHs): + Ha — Co + Ms drocarbon products). The simultaneous presence of
1037 and 1094 cm™* peaks e @- ces the formation of acyclic hydrocarbons such as 1-pentene,
while the 800 cm™ peM irms =CH bending vibrations. The ~1300 cm™ peak denotes linear
alkanes like p indicating rapid ring-opening processes. The relatively low catalytic

activity @Q, compared to Pd/rGO, impedes extensive hydrogenation, resulting in

conwvely weak hydrocarbon vibrational intensities.

At temperatures exceeding 230 °C, hydrocarbon C—H vibrational bands (2884/2966 cm™)
decrease, concurrent with the onset of CH4 (3100 cm™) and increased CO (2080-2220 cm™!)
signals. These spectral evolutions signify hydrocarbon cracking and oxidation of carbonaceous
residues by rGO surface O—H and C-O groups, yielding CO. The early appearance of acyclic
hydrocarbon signatures (800, 1037, 1094, ~1300 cm™) and C—H stretches in the 2884-2966

12
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cm' range, followed by signals in the 2700-3200 cm™ window, underscores the dominant

formation of acyclic species such as 1-pentene and pentane during the decomposition process.

Figure 6

Quantitative analysis of the integrated absorbance in the C-H stretching region (2700—
3200 cm™), plotted as a function of temperature in Figure 6, reveals clear differences between
Co CVD on Pd/rGO and on rGO. On Pd/rGO, significantly higher integrated peak are @ar
at lower temperatures, with onset near 40°C, indicating earlier and more efficie .Mation of
hydrocarbon intermediates. In contrast, Co CVD on rGO exhibits s 1ally smaller
integrated peak areas in this lower temperature range, with decor/rN on onset shifted to

higher temperatures (150 °C) and overall reduced hydrocarbdxsv@s.

This divergence in integrated peak areas delineates a between approximately 40 and
140 °C, identifying a critical temperature wi:&@where Pd/rGO catalysis markedly
accelerates cobaltocene decomposition d to rGO alone. Above this threshold,
hydrocarbon intermediates decrease both substrates due to ring-opening reactions, CHs
formation, and CO evolution; h, /rGO consistently maintains higher catalytic activity
throughout the temperature

&6 Figure 7

3.4 Comparati Qlysis of Ferrocene and Cobaltocene Decomposition on Pd/rGO and

different decomposition behaviors dictated by their electronic structures and the catalytic
properties of the substrates. Ferrocene, characterized by a stable 18-electron configuration and
relatively strong Fe—CsHs bonds (~230 kJ/mol), undergoes thermal decomposition at higher

temperatures (~100 °C on Pd/rGO and ~270 °C on rGO). In contrast, cobaltocene, with its

13
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electronically unstable 19-electron configuration and weaker Co—CsHs bonds (~180 kJ/mol),

decomposes at markedly lower temperatures (~40 °C on Pd/rGO and ~150 °C on rGO).

Gas-phase FTIR spectroscopy, as summarized in Table 1, indicates that ferrocene produces
unsaturated cyclic hydrocarbon intermediates, while cobaltocene rapidly forms acyclic
hydrocarbons, with both generating CHs at elevated temperatures. Cobaltocene’s
decomposition involves rapid ligand dissociation and stepwise hydrogenation,. ac@%g
early ring-opening to yield acyclic hydrocarbons. This process is enhanced b M’s redox
flexibility (Co(0) to Co(III)) and strong Co—Pd-rGO interactions, with hydfo#arbon cracking
at high temperatures leading to CHa4 formation. In contrast, ferrocen®s electronic stability
delays ring-opening, forming unsaturated cyclic interme i.&%h CHa4 produced at high
temperatures through limited hydrocarbon crackin@lladium in Pd/rGO enhances

[
hydrogenation of cobaltocene-derived species, p&ng saturated hydrocarbons and CHa

production at elevated temperatures, wh ocene undergoes minimal hydrogenation,
preserving cyclic structures. 1‘

w Table)
On rGO substrates, wher sis relies on surface defects and oxygen-containing groups,

both metallocenes r &higher decomposition temperatures, yet cobaltocene initiates earlier.
YThe O-H and ups on rGO facilitate oxidation of carbon intermediates, leading to CO
and CHa tion at high temperatures. Cobaltocene exhibits stronger CO signals due to its
moWle decomposition kinetics, while CHa production at elevated temperatures is

comparable for both metallocenes.

These findings underscore the critical roles of electronic configuration and Pd/rGO catalysis in
directing metallocene decomposition pathways during CVD. Catalyzed by Pd/rGO,
cobaltocene rapidly generates acyclic hydrocarbons and CHa4, whereas ferrocene promotes the

formation of persistent unsaturated cyclic intermediates with CH4 production. Importantly,

14
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Pd’s catalytic effect promotes the initial deposition of iron and cobalt nanoparticles in close
proximity to Pd sites before these nanoparticles anchor onto the rGO substrate.

3.5 Elemental Analysis and Evidence of Selective Deposition

To provide quantitative confirmation of selective Fe and Co deposition, ICP-OES elemental analysis

was conducted. The results are summarized in Table 2.

Table 2 (b

[
A
The ICP results clearly demonstrate that Fe and Co preferentially deposit on Pd-decorated rGO, with

AY

loadings significantly higher than those on bare rGO. The small amounts detect(ed o~n/ rGO (3.0 wt% Fe
L

and 4.2 wt% Co) originate from non-selective thermal decomposition of precursors at elevated

temperatures outside the FTB window, where precursor breakdown occurs in the absence of catalytic

v N
activation. Within the FTB regime, deposition on rGO is negligible, consistent with the in-situ Gas-

FTIR observations. R @
~\
In contrast, Pd nanoparticles act as highly efficient catalytic centers that significantly lower the

decomposition onset temperatures of ferrocene (~100 °C) and cobaltocene (~40 °C). This catalytic

A
activation accelerates precursor decomposition and promotes direct anchoring of Fe and Co species

) 4

onto Pd sites. The much higher loadings observed for Pd/rGO (22.0 wt% Fe and 27.5 wt% Co) therefore

reflect the synergistic effect of Pd in hydrogen dissociation and ligand removal, processes that facilitate

X

rapid decomposition kinetics and selective metal-Pd interactions.

N

From a mechanistic and electronic perspective, Pd's metallic nature and high electron density play a

~\/

pivotal ro@n facilitating charge transfer processes at the Pd-metal-rGO interface. Pd acts as an
elec?nre'servoir, donating electron density to Fe and Co atoms, which stabilizes these species via d-
band interactions and partial covalent bonding, thereby strengthening metal-metal and metal-support
interactions. Additionally, the high electrical conductivity of rGO enables efficient charge

delocalization, reinforcing this electronic coupling and enhancing catalytic activity.

The electronic interplay at this triple interface lowers the activation energy for precursor decomposition

by weakening metal-ligand bonds through back-donation of electron density from Pd to antibonding

15



A

vy

YA

¥4

YV

A\RA

YVvY

Yvy

Yve

Yvoe

rva

Yvv

YYA

yva

YA

YA

YAY

YAY

YA¢

YAo

YAT

YAV

YAA

YAQ

Ya.

AR

orbitals of the ligands. This effect not only accelerates ligand removal but also stabilizes intermediate
metal species, promoting selective nucleation and growth on Pd sites rather than on the rGO surface

alone.

Together with Gas-FTIR evidence, the ICP data provide robust quantitative proof of selective
deposition. These results not only support the mechanistic interpretation based on the FTB concept but

also highlight the crucial role of Pd nanoparticles in enabling efficient, selective metal incorporation,

s\ i

whereas bare rGO only exhibits minor, non-selective deposition under high-temperature conditions.

3.6. Comparative perspective on selective CVD methodologies (b'o

LA

To further contextualize the present findings, Table 3 provides a comparative summary of representative
7

Vo N
studies on selective CVD and atomic-scale interface engineering. Early advances in site-selective ALD,

Xy
such as the seminal work of Kim et al. [35] on Pt nucleation at graphene line defects, demonstrated that

atomic-scale structural inhomogeneities can act as high@speciﬁc nucleation centers. Subsequent
developments, including area-selective ALD/CVD st‘?a'tegies summarized by Parsons and Clark [36],
have systematically catalogued how surface chs:mistry, inhibitor layers, and adsorption energetics
dictate spatial control. Grillo et a\l.{[%ﬂ 3xtended this to temperature- and chemistry-dependent

selectivity for Ru deposition on patterned oxides, highlighting the importance of thermal windows

analogous to the FTB concept employed in the present study.
X
Sequential selective CVD, as demonstrated in our earlier work on Ru-Ni/rGO, provided direct evidence

~AX.
that engineered bimetallic interfaces not only can be constructed with high selectivity but also deliver
superior cagllytic performance, particularly in propane steam reforming [27]. More recent studies, such
A 4

| .

as the site;speciﬁc CVD growth on 3D nanoarchitectures (Porrati et al. [38]) and beam-assisted
y

maskless selective CVD [39], expand the scope of spatially resolved deposition to complex geometries

and localized activation modes.

In this context, the Gas-FTIR—guided selective CVD strategy introduced here occupies a distinctive
methodological niche. By directly identifying decomposition kinetics and defining the FTB regime in

situ, this approach circumvents the need for complex chemistries or patterning steps, yet still enables
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selective nucleation on Pd sites with quantitative confirmation by ICP analysis. The combination of
accessibility, mechanistic clarity, and compatibility with bimetallic interface formation distinguishes
the present methodology from existing approaches and positions it as a practical route for engineering

catalytically relevant heterostructures.

Table 3

4. Conclusion (b

[
This study establishes the Frontier Thermal Bulwark concept as a robust mechanistic and
7

methodological framework for selective metallocene CVD on Pd-decorated reduced graphene oxide.

£
By delineating precise temperature windows, we demonstrate how FTB-guided control enables earlier,

Y

more efficient, and highly selective decomposition of ferrocene (~100 °C) and cobaltocene (~40 °C) on

| 2 \ U'
Pd/rtGO compared with bare rGO. Gas-phase FTIR monitoring revealed that Pd catalysis not only
facilitates H> dissociation and selective ligand removal but also directs the formation of well-defined
[ J

A
Fe—Pd and Co-Pd interfaces, which are anticipated to enhance catalytic synergy while minimizing

precious metal utilization. %

A

Beyond confirming the distinct deconiposition pathways of ferrocene and cobaltocene—cyclic
intermediates versus rapid acyclic hydrocarbon formation—this work validates Pd/rGO as an effective
platform for engineering nanoscale interfacial architectures. Importantly, the insights gained here
extend beyond the stu?ifed systems: the FTB-guided strategy provides a generalizable approach
applicable to other 1 metallocene precursors and substrate materials, enabling systematic exploration of

{o \v
selective interface formation.

|,
Looking forward, coupling ICP and Gas-FTIR with advanced operando and high-resolution techniques

y
such as HR-TEM and XPS will allow direct atomic-scale visualization of selective interfaces and their
dynamic evolution under reaction conditions. Furthermore, the structurally well-defined Fe—Pd and Co—

Pd interfaces developed in this work offer promising opportunities for catalytic applications in

hydrogenation, reforming, and electrocatalysis. By translating structural selectivity into functional
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performance, these directions will advance the design of cost-effective, high-performance catalysts for

energy and environmental technologies.

In summary, the present contribution not only introduces a validated and accessible strategy for
controlled nanocatalyst synthesis but also outlines clear research trajectories, situating the work as a

foundation for future advances in selective CVD and catalytic interface engineering.
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Figure 1.. Surface and Structural Characterization of Pd/rGO: (a) FTIR Spectrum Revealing
Surface Functional Groups, (b) XRD Pattern Illustrating Crystalline Structure

Figure 2 (a).. Online gas-phase FTIR spectra of decomposition products during CVD of
ferrocene on Pd/rGO, recorded from 30 °C to 400 °C in 10 °C increments. (b) Gas-phase FTIR
spectrum of the blank test, used as background, which identifies CO: and H.O impurit@c)
A magnified view of the 2700-3200 cm ™' region, emphasizing the peaks at 2884 a:1 6cm™,
corresponding to symmetric and asymmetric C—H stretching in CsHs and C%

Figure 3. Online gas-phase FTIR spectra of decomposition products)&& CVD of ferrocene
on rGO, recorded from 30 °C to 400 °C in 10 °C increments.® (bi

Figure 4. Peak areas of gas-phase products duri%&), obtained from gas-FTIR
measurements, plotted as a function of temperatufe f@: deposition on Pd/rGO and on rGO.
Figure 5 (a). Online gas-phase FTIR speeétr: decomposition products during CVD of
cobaltocene on Pd/rGO, recorded from, 30 °€"to 400 °C in 10 °C increments. (b) Gas-phase
FTIR spectrum of the blank test s Background, which identifies CO: and H>O impuritie.
(¢) A magnified view of t@00—3200 cm! region, emphasizing the peaks at 2884 and
2966 cm™, correspon(&@symmetric and asymmetric C—H stretching.

Figure 6. Onli -phase FTIR spectra of decomposition products during CVD of
cobaltocene@ O, recorded from 30 °C to 400 °C in 10 °C increments.

Fig?gJPeak areas of gas-phase products during CVD, obtained from gas-FTIR

meastirements, plotted as a function of temperature for Co deposition on Pd/rGO and on rGO.
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Table 1

Parameter Ferrocene (Fe(CsHs):) Cobaltocene (Co(CsHs):)

Decomposition ~100 °C (Pd/rGO), ~270 °C (rGO) ~40 °C (Pd/rGO), ~150 °C (rGO)

Temperature

Ring-Opening  Slower; cyclic intermediates persist until >240 °C ~ Rapid; early formation of acyclic hydrocarbons at

Mechanism (Pd/rGO) or >270 °C (rGO) decomposition onset

Key FTIR 5550-750, 750-1000 cm™ (in-plane C-H 50-750, 800 cm™ (=CH bending), 1037/1094 cm!

Bands bending), 2700-3200 cm™', 3100 cm' (CH4), (=CH bending/stretching), ~1300 cm' (CH:
20802220 cm™! (CO) stretching), 2700-3200 cm™, 3100 cm™! (CHa), 2080—

2220 cm™ (CO)

Peak 750-1000 cm™ bands correspond to 800, 1037/1094, ~1300 cm™ indicative 'auﬁc

Assignments aromatic/semiaromatic rings hydrocarbon structures [34] e O

Decomposition Mainly cyclic species (CsHs, CsHs), CHs; no CH2. Mixture of cyclic and acyclic species (CsHs, CsHs,

Products modes or saturated cyclic species (CsHio) CsHuo), including linear alkenes/alkanes confirmed by

CH: modes

34
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Table 2

Sample Fe (wt%) Co (Wt%)
rGO 3.0 4.2
Pd/rGO 22.0 27.5
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Table 3

Ref  Method / Strategy  Precursors Substrate / Key Proof / Key finding / Relevance
Support temperature / Characterizati
process on

[35] Site-selective ALD Pt precursor CVD Moderate 7, HR-TEM, Pt nucleates preferentially
on graphene (MeCpPtMes graphene ALD cycles SEM, DFT at  grain  boundaries;
defects ) + oxidant atomic-scale defect-driven

[36] Review of area- Various Oxides, Various, Multiple Systematic overview of
selective ALD/CVD graphene, summarized (QCM, TOF- strategies enabling area
ALD/CVD chemistries patterned SIMS,  XPS, selectivity; m‘t)‘lishes

[37] Area-selective Ru Patterned Controlled XPS, AFM, Demonstrated
CVD precursors oxide/Si deposition 7' QCM temperature- and

surfaces chemistry-dependent

[27]  Sequential Nickelocene  Ni/rGO Defined GC, TEM, Seléctig Ru deposition on
selective CVD + sequential XRD i/1GO); confirmed
(Ru—Ni core-shell Ruthenocene windows N %yﬁc benefit (propane

[38] Site-selective CVD  Metal- 3D  direct- Process SEM, TEM Showed site-specific CVD
on 3D organic CVD  write specific; growth  on  complex
nanoarchitectures precursors nanostructur ~ nanoscale architectures; expands

[39] Maskless area- Au Patterned Localized ® SE M Demonstrated spatial
selective CVD  precursors surfaces activation & control via beam-assisted
(beam-assisted) (beam- é decomposition; alternative
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