
www.rsc.org/faraday_d

Faraday
Discussions

Royal Society of 
Chemistry

Faraday 
Discussions

Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  A. McCullagh and D. Lennon,
Faraday Discuss., 2026, DOI: 10.1039/D5FD00169B.

http://www.rsc.org/faraday_d
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5fd00169b
https://pubs.rsc.org/en/journals/journal/FD


1

Paper for submission to: RSC Faraday Discussion, Vibrations at Interfaces

Draft: 16th January 2025

Co-adsorption of aniline and H2 over Pd/Al2O3: An 
infrared spectroscopic study

Annelouise M. McCullagh and David Lennon *

School of Chemistry, Joseph Black Building, University of Glasgow, Glasgow, G12 
8QQ, UK.

*  Proofs to:–
Professor David Lennon CChem, FRSC
School of Chemistry
Joseph Black Building
The University of Glasgow
Glasgow, G12 8QQ, U.K.

Email: David.Lennon@glasgow.ac.uk
Telephone: +44-141-330-4372

Page 1 of 23 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/9

/2
02

6 
5:

24
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online

DOI: 10.1039/D5FD00169B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00169b


2

Abstract

In order to rationalise high aniline selectivity in nitrobenzene hydrogenation over alumina-supported 

Pd catalysts, the adsorption complex geometry of aniline during co-adsorption of H2 and aniline on a 

5 wt % Pd/Al2O3 catalyst is investigated via infrared spectroscopy. With respect to molecular symmetry 

and the metal surface selection rule, observation of solely out-of-plane aniline modes at low aniline 

exposures at 30 oC indicate a parallel orientation of aniline with respect to the Pd surface. The 

simultaneous emergence of negative hydroxyl features indicate adsorption occurs at the 

metal/support interface. Increasing exposure reveals additional adsorption of aniline to a range of 

hydroxyls of the alumina support. The full range of adsorption spectra reveal that the presence of H2 

in the co-feed accelerates aniline adsorption to the catalyst and permits reagent hydrogenation to 

cyclohexylamine. Temperature-programmed infrared measurements show no change in the 

adsorption complex geometry as a function of surface coverage. A previous reaction scheme is 

modified in which nitrobenzene and aniline adsorption geometry are intrinsically related to the high 

aniline selectivity reported for Pd/Al2O3 catalysts.
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1. Introduction
Aniline synthesis catalysis via nitrobenzene hydrogenation is an established reaction of some 

significance 1–6.  Not least, as part of the production chain for the manufacture of methylene diphenyl 

diisocyanate, a key component in polyurethane production 7.  Recent work by the authors has 

examined the case for the application of Pd/Al2O3 as an aniline synthesis catalyst, that is able to 

facilitate highly selective aniline synthesis in nitrobenzene hydrogenation, with over-hydrogenation of 

aniline identified as the principal route to by-product formation 2,6,8,9. This over-hydrogenation is a 

three-step process producing cyclohexylamine (CHA), from hydrogenation of the aniline aromatic ring, 

N-cyclohexylaniline (CHAN), from coupling of aniline and CHA, and finally dicyclohexylamine (DICHA) 

from hydrogenation of the aromatic moiety of CHAN (Scheme 1).

Scheme 1. Aniline hydrogenation to cyclohexylamine (CHA), N-cyclohexylaniline (CHAN) and 

dicyclohexylamine (DICHA). Adapted from reference 6 Copyright – CC BY 4.0. 

Aniline comprises an aromatic ring and an amine group, both inherently capable of interacting with 

metal surfaces, potentially influencing adsorption geometry and catalytic performance. Surface 

science has proved influential in understanding adsorbate/substrate bonding configurations.  For 

example, Rockey et al. examined aniline adsorption on Ag(111) using high-resolution electron energy 

loss spectroscopy 10. Two distinct peaks were observed: an out-of-plane ring deformation at 486 cm⁻¹ 

and an out-of-plane C–H bend at 737 cm⁻¹. The absence of in-plane modes indicated parallel 

adsorption, with spectral deconvolution estimating a tilt angle of 13 ± 8°, and adsorption proposed to 

occur via the amino group.

Huang et al. explored aniline orientation and hydrogenolysis species on Pt(111) using temperature-

programmed reaction and NEXAFS 11. Analysis of π* and σ* resonance intensities relative to incidence 

angle revealed that, in the absence of hydrogen, the aromatic ring was tilted with respect to Pt(111), 

with a maximum tilt of ~31°; π-Bonding between the ring and Pt dominated under these conditions. 
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In contrast, hydrogen co-adsorption induced a predominantly parallel orientation, suggesting stronger 

interaction involving both π-electrons and the nitrogen lone pair. Thus, hydrogen significantly 

influences both orientation and binding strength.

Computational studies corroborate these findings. Alsunaidi et al. reported parallel adsorption of 

aniline on Ni(111) during benzene amination, with C–H bonds buckled away from the surface 12. 

Binding involved π-interactions at bridging sites and σ-interactions at on-top sites via NH₂. Similar 

configurations were predicted by Tezsevin et al. for Ru(0001) and Co(0001) 13, and by Henríquez-

Román et al. for Cu defect sites, including steps, kinks, and corners 14.

Regarding aniline adsorption on supported metal catalysts, previous work by the authors used infrared 

spectroscopy to examine nitrobenzene adsorption on a 5 wt% Pd/Al2O3 catalyst and established 

nitrobenzene to adopt a vertical monodentate adsorption geometry on the Pd crystallites, alongside 

aniline re-adsorption onto the inactive alumina support through hydrogen bonding with surface 

hydroxyls 15. An investigation into structure-activity relationships for Pd/Al2O3 catalysts during 

nitrobenzene hydrogenation identified the concomitant shut down of aniline over-hydrogenation 

chemistry with poisoning of the Pd(100) site 8. Thus, it was postulated that nitrobenzene 

hydrogenation activity occurs on the dominant Pd(111) facets, whilst aniline hydrogenation is 

facilitated by the minimised Pd(100) facets. Furthering this, a combined spectroscopic and 

computational investigation on sole aniline adsorption on Pd/Al2O3 confirmed aniline adsorption on 

the inactive alumina support alongside parallel aniline adsorption at the Pd(100)/support interfacial 

sites 16.

Recent reaction testing of aniline hydrogenation over the same Pd/Al2O3 catalyst demonstrated low 

activity in strongly reducing conditions at elevated temperature 17.  Whereas qualitatively, this 

outcome verifies low aniline-derived by-products in nitrobenzene hydrogenation over supported Pd 

catalysts, nevertheless there is a driver to rationalise such favourable outcomes in terms of adsorbate 

geometry under actual reaction conditions.  Against this background, the present study investigates 

aniline adsorption geometry over the aforementioned 5 wt% Pd/Al₂O₃ catalyst with a hydrogen co-

feed, i.e. during catalytic turnover, to advance understanding of the origins of high aniline selectivity 

over Pd catalysts under hydrogenation conditions.
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2. Experimental

In situ diffuse-reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements were 

conducted using a Bruker Vertex 70 FT-IR spectrometer equipped with an MCT detector. The catalyst 

(5 wt% Pd/Al₂O₃; Alfa Aesar: 11713) was used as-received in powder form, with approximately 50 mg 

placed in a Harrick Praying Mantis reaction chamber fitted with an ATC heater for temperature control.

Catalyst activation was performed in situ under a flow of helium (35 mL min⁻¹, BOC, 99.9%) and 

hydrogen (15 mL min⁻¹, BOC, 99.8%) while heating to 110 °C, held for 30 min. The temperature was 

then increased to 200 °C for 1 h, with hydrogen flow stopped after 30 min. The sample was cooled to 

ambient temperature under helium and purged for 18 h to minimize residual hydrogen, which could 

otherwise promote uncontrolled aniline hydrogenation. A background spectrum was recorded at 

28 °C.

Aniline was introduced via a bubbler system delivering 54.0 μmol(ANL) min⁻¹ g(cat)⁻¹ in the vapor 

phase using helium as the carrier gas. Hydrogen was introduced to the cell via a mass flow controller 

(Brooks) delivering 1.37 mmol(H2) min-1 g(cat)-1. Spectra (aniline:H2 = 1:25 v/v) were collected at 

defined intervals during adsorption to quantify aniline uptake. For desorption studies, the catalyst was 

heated under helium to the target temperature, held for 30 min, then cooled to 28 °C for spectral 

acquisition. This procedure was repeated for 60, 100, 120, 160, and 200 °C. All spectra were recorded 

at 30 °C using 520 scans at 4 cm⁻¹ resolution and presented as difference spectra (activated catalyst 

spectrum subtracted from aniline-dosed spectrum) without additional processing.

3. Results
Key aniline modes for orientational diagnostics were assigned by the authors previously16. These are 

the ν(Ph-NH2), ν(CC) [M24], ν(CC) [M4], and δoop(NH2) modes observed at ca. 1280, 1500, 1600 and 1620 

cm-1, respectively. Table S1 in the Supporting Information presents wavenumber assignments. 

3.1 Adsorption Geometry: Function of Aniline & H2 Surface Coverage

Incremental co-adsorption of aniline (exposures 0.11–4.86 mmol g(cat)⁻¹) and hydrogen (exposures 

2.75–122 mmol g(cat)⁻¹) on 5 wt% Pd/Al2O3 produced spectra (Figure 1) that reveal both adsorbed 

aniline and hydrogenation products.
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At low reagent exposures (≤ 0.54 mmol(ANL) and 13.5 mmol(H2)) the following features are noted: (i) a 

broad peak at ca. 1640 cm-1 assigned to δoop(NH₂), (ii) a broad feature from 3500 – 3000 cm-1 that is 

associated with aniline NH2 hydrogen bonding to the catalyst and (iii) negative hydroxyl features at 

ca. 3750 – 3650 cm-1. The absence of in-plane aniline modes is indicative of a parallel adsorption of 

aniline at the metal surface.  Due to the background subtraction procedure deployed (Section 2), the 

negative hydroxyl features represent perturbation of alumina surface hydroxyls after aniline 

adsorption and identifies these hydroxyls as an adsorption site 16. The coincidence of aniline 

adsorption parallel to the Pd surface and aniline adsorption at support hydroxyls indicates adsorption 

at the metal/support interface under this coverage regime.

At maximum exposure, all key aniline modes are evident: in-plane A′ ν(CC) and ν(Ph–NH₂) at 1601 and 

1278 cm⁻¹, in-plane A″ ν(CC) at 1500 cm⁻¹, and out-of-plane A′ δoop(NH₂) at 1628 cm⁻¹. Collectively, 

these modes match the spectrum for sole aniline adsorption to the alumina support, as reported 

previously 16. However, two additional sharp bands at 2934 and 2852 cm⁻¹ are noted, and are assigned 

to the νAS(CH₂) and νS(CH₂) of cyclohexylamine (CHA), confirming partial hydrogenation of aniline in 

the presence of hydrogen 18,19.

Peak area analysis (Figure S1, Supporting Information) shows aniline approaching saturation, while 

CHA bands increase continuously with coverage. This divergence of profiles is indicative of adsorption 

occurring on distinct sites: (i) aniline adsorption involves hydroxyl groups and Pd(100)8/support 

interface, and (ii) CHA on additional sites. The attribution that the aniline metal adsorption site is 

Pd(100) facets originates from McCullagh and co-workers’ study of solely aniline adsorption on 

Pd/Al2O3.16  On the basis of relative peak intensities, CHA formation remains minor compared to 

aniline adsorption; this is consistent with reaction testing outcomes 17. This mechanistic insight 

underscores the role of hydrogen in modifying adsorption geometry and promoting transformation 

pathways on Pd/γ-Al₂O₃. Literature comparison indicates CHA adopts the equatorial conformer under 

these conditions, supported by νAS(CH₂) at 2934 cm⁻¹ 13.
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Figure 1. DRIFTS spectra (4000 – 700 cm-1) depicting increasing aniline and hydrogen (0.11 – 4.86 
mmol(ANL) g(cat)-1 and 2.75 – 122 mmol(H2) g(cat)-1) exposure to Pd/Al2O3 at 30 oC. The spectra have been offset 
to facilitate viewing. 
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Figure 2. DRIFTS spectra (4000 – 3500 cm-1) depicting the hydroxyl group stretching region during 
increasing aniline and hydrogen (0.11 – 4.86 mmol(ANL) g(cat)-1 and 2.75 – 122 mmol(H2) g(cat)-1) exposure to Pd/Al2O3 
at 30 oC. The spectra have been offset to facilitate viewing. 

Figure 2 presents the hydroxyl stretch region during co-adsorption of aniline and hydrogen to the 

catalyst and reproduces trends comparable to those reported for sole aniline adsorption over Pd/Al2O3 
16. Specifically, negative features depicted at 3754, 3728 and 3690 cm-1 are associated with H-bonded 

type IIa, type IIb and type III hydroxyl groups, respectively 20. Thus, during co-adsorption with 

hydrogen, aniline is partitioned over the same three hydroxyl groups present on the inactive γ-Al2O3 

support via H-bonding. 

Some differences in the (O-H) band profiles for sole aniline adsorption 16 and aniline/hydrogen co-

adsorption are noted.  Specifically, the negative feature at ca. 3728 cm-1, attributable to type IIb 

hydroxyl groups 20, is observable at lower exposures in the co-adsorption measurements and remains 

prominent at higher exposures.  It is therefore assumed that the presence of hydrogen in the co-feed 

is facilitating H-bonding to the hydroxyl groups of the alumina support.
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Figure 3 presents IR peak areas of diagnostic aniline and CHA bands in the lower exposure range  

(0.11(ANL) + 2.75(H₂) to 1.24(ANL) + 31.1(H₂) mmol g(cat)⁻¹) For clarity, the negative ν(OH) feature—

indicative of H-bonding between Pd/Al2O3 hydroxyls and aniline—is plotted as a positive value, so an 

increase reflects stronger H-bonding. Peak areas for ν(OH) (Figure 3a) and the aniline δoop(NH₂) mode 

(Figure 3b) follow the same trend, seeming to plateau at an aniline exposure of about 0.40 mmol 

g(cat)⁻¹; the bonding here is attributed to adsorption at Pd/support interfacial sites. The ‘knee’ in the 

profile of the (OH) and δoop(NH2) modes roughly coincides with the emergence of CHA νAS(CH₂) (Figure 

3c) and νS(CH₂) (Figure 3d) bands. This inverse relationship is indicative of aniline adsorbed in a parallel 

orientation at Pd(100)/support interface undergoing hydrogenation to CHA on saturation. Thus, 

hydrogenation occurs upon saturation of the interfacial species.

Figure 3. Plot of peak area for bands corresponding to the a). H-bonded ν(OH) of Pd/Al2O3, b). the aniline 
δoop(NH2) mode, and the cyclohexylamine c) νAS(CH2) and d). νS(CH2) modes as a function of increasing aniline 
and H2 exposure to 5 wt% Pd/Al2O3. Note: x-axis displays aniline exposure only.

For exposures > 1.13(ANL) + 28.4(H2) mmol g(cat)-1, the ν(OH) (Figure 3a) and the aniline δoop(NH2) (Figure 

3b) modes diverge, with the ν(OH) mode showing continued augmentation, whilst the peak area for 

the aniline δoop(NH2) mode is unchanged. As per Figure 1, bands corresponding to in-plane modes of 

aniline, an indication of aniline adsorption to hydroxyl groups in isolation from the Pd crystallites, were 

first observable post-exposure of 1.13(ANL) + 28.4(H2) mmol g(cat)-1. Therefore, the observed variance of 

trends associated with peak area of the ν(OH) and aniline δoop(NH2) modes reflects continued 

adsorption of aniline to the hydroxyl groups of the alumina support, whilst adsorption of aniline at the 

Pd(100)/support interfacial sites saturates, reaching a steady state between aniline adsorption and 

hydrogenation to CHA.
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3.2 Comparison of Aniline Adsorption to Pd/Al2O3 With and Without Hydrogen

Figure 4 compares spectra collected after exposures of 0.54 and 1.62 mmol(ANL) g(cat)⁻¹ with and 

without hydrogen and reveals notable differences at low coverage. At the low exposure (0.54 

mmol(ANL) g(cat)⁻¹), the presence of hydrogen produces stronger negative hydroxyl features, a broad 

region between 3650–3000 cm⁻¹ encompassing νAS(NH₂) and νS(NH₂) modes, and a pronounced band 

at 1647 cm⁻¹, compared to adsorption without hydrogen. In contrast, the higher exposure spectra 

(1.62 mmol(ANL) g(cat)⁻¹) -where adsorption continues to increase—show broadly similar profiles, with 

the hydrogen-free spectrum (Figure 4b) exhibiting a higher intensity aniline band. These trends are 

thought to indicate that the differences in spectral profiles noted at the lower exposure arise from 

ANL hydrogenation to CHA.

Figure 4. DRIFTS spectra corresponding to 0.54 and 1.62 mmol(ANL) g(cat)-1 exposures to Pd/Al2O3 at 30 
oC: a). with a H2 co-feed and b). in the absence of a H2 co-feed. The spectra have been offset to facilitate viewing. 
No additional manipulations were performed.

The primary difference associated with adsorption with and without hydrogen is the formation of CHA. 

CHA, like aniline, contains NH₂ functionality, with νAS(NH₂) and νS(NH₂) at 3352 and 3274 cm⁻¹, 

respectively. In addition, CHA presents two in-plane NH2 deformation modes (δip(NH2)) associated 
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with a shoulder feature at 3170 cm-1 and a medium intensity feature at 1617 cm-1. Thus, the 

augmented broad feature at 1647 cm⁻¹ and enhanced NH₂ stretching region seen in Figure 4 are likely 

to reflect CHA adsorption alongside aniline. 

Given prior evidence that CHA and aniline occupy different sites, it is intriguing to speculate on the 

bonding geometry of bound CHA.  With reference to the metal surface selection rule (MSSR) 21, the 

adsorption geometry of CHA on Pd(100) facets may also be hypothesized. Figures 1 and 4 present a 

significant contribution from the δip(NH2) CHA modes compared to the usually high intensity νAS(CH2) 

and νS(CH2) modes. In relation to dipole orientation, the νAS(CH2) and νS(CH2) modes possess dipoles 

which are out-of-plane with respect to the molecular axis at an angle < 90 o. Contrarily, the δip(NH2) 

modes possess dipoles aligned directly with the molecular axis. Thus, during a vertical adsorption of 

CHA over a metal surface, the δip(NH2) modes would experience significant augmentation from the 

perpendicular alignment of associated dipoles with the metal surface; whilst the out-of-plane νAS(CH2) 

and νS(CH2) modes would undergo slight, but not complete, shielding due to the out-of-plane elements 

of their associated dipole moments. Therefore, a suggested assignment of CHA adsorption geometry 

on Pd/Al2O3 is via vertical adsorption to the Pd(100) facets.

Moreover, both the in-plane δip(NH2) of CHA 18 and the out-of-plane δoop(NH2) of aniline 16 are reported 

to occur at ca. 1620 cm-1. Thus, emergence of the combination of these modes at 1647 cm-1 represents 

a noticeable shift (27 cm-1). Therefore, binding is proposed to arise via the NH2 functionality of CHA, 

as previously deduced with ANL 16. 

Figure 5. Visualisation of vertical CHA bonding to Pd(100). 
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12

3.3 Temperature-Programmed IR: Aniline and H2 Desorption from Pd/Al2O3

TP-IR spectra following co-adsorption of aniline and hydrogen (4.86(ANL) + 122(H₂) mmol g(cat)⁻¹) on 

Pd/Al2O3 are shown in Figure 6. Aniline bands decreased progressively with temperature, yet no 

orientational change was observed; key in-plane (ν(Ph–NH₂), M24 ν(CC), M4 ν(CC) at 1278, 1500, 1601 

cm⁻¹) and out-of-plane (δoop(NH₂) at 1636 cm⁻¹) modes remained distinct throughout desorption. A 

negative hydroxyl feature near 3730 cm⁻¹ persisted even after heating to 200 °C, indicating residual 

aniline bound to alumina hydroxyls.

Interestingly, CHA bands initially intensified during heating. Peak area trends (Figure 7) show an 

inverse relationship: ANL ν(Ph–NH₂) decreases while CHA νS(CH₂) increases between 30–120 °C, 

confirming hydrogenation of interfacial aniline at this temperature range to CHA. CHA formation 

ceases beyond 160 °C, marking the temperature range (120–160 °C) where aniline desorbs from 

Pd(100)/support sites.
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Figure 6. TP-IR DRIFTS spectra (4000 – 700 cm-1) of aniline and hydrogen adsorbed to Pd/Al2O3 as a 
function of increasing temperature: 30 – 200 oC. The spectra have been offset to facilitate viewing. 

Figure 6 shows some broadening at ca. 1640 cm-1 was observed for temperatures ≥ 160 oC. This is 

assigned to the shifted in-plane δip(NH2) mode of CHA that previously was associated with an element 

of CHA adsorption to the metal. The intensity of this feature compared to the νAS(CH2) and νS(CH2) 

modes (2936 and 2852 cm-1) is far weaker than observed for low aniline and hydrogen exposures over 

the catalyst (Figure 1). Therefore, the presence of the shifted δip(NH2) mode indicates some retention 

of CHA adsorption to the metal at this temperature, with the dominant CHA population residing on 

type IIa and type IIb hydroxyl groups of the alumina support. 

After desorption at the maximum temperature, the medium intensity ν(Ph-NH2) mode of aniline was 

no longer distinct; however, the high intensity M24 ν(CC) and M4 ν(CC) modes remained (Table S1). 

Thus, a limited population of aniline remained adsorbed to the OH groups of the alumina support after 

desorption at 200 oC, such that the medium intensity ν(Ph-NH2) was not observed. A greater quantity 

of CHA remained.
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Figure 7. Plot of peak area for bands corresponding to the a). aniline ν(Ph-NH2) and b). cyclohexylamine 
νS(CH2) modes as a function of increasing desorption temperature.

From consideration of the hydroxyl region of Figure 8, prior to temperature ramping (30 oC spectrum) 

two negative features were observed at 3728 and 3690 cm-1 that correspond to aniline/CHA H-

bonding to type IIb and type III hydroxyls, respectively. Upon increasing the desorption temperature 

to 100 oC, the hydroxyl region is resolved such that the band corresponding to aniline/CHA H-bonding 

with type IIa hydroxyls at 3754 cm-1 was also distinct. Also, the feature aligned with H-bonding to type 

III hydroxyls was not observed; thus, aniline/CHA H-bonded to type III hydroxyls was desorbed in the 

temperature range of 60 – 100 oC.

Contrarily to sole aniline adsorption TP-IR measurements 16, the profiles associated with spectra from 

aniline and hydrogen adsorption to Pd/Al2O3 collected post-desorption at 160 and 200 oC clearly depict 

the type IIa OH site (3754 cm-1) to be the dominant H-bonding adsorption site for this temperature 

range. This indicates stronger hydrogen-bonding of CHA with the hydroxyl support than aniline. 
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Figure 8. DRIFTS spectra (4000 – 3500 cm-1) depicting the hydroxyl group stretching region during 
increasing temperature (30 – 200 oC) post aniline and hydrogen co-adsorption to Pd/Al2O3. The spectra have been 
offset to facilitate viewing. 

The updated binding strength hierarchy for ANL and CHA on Pd/Al2O3 is:Type III OH (ANL/CHA) < 

Pd(100)/support interface (ANL) < Pd(100) (CHA) < Type IIb OH (ANL/CHA) < Type IIa OH (ANL/CHA). 

4. Discussion
Historically, aniline over-hydrogenation to CHA, DICHA and CHAN has been the dominant route to 

lowered aniline selectivity during nitrobenzene hydrogenation 2,6,8,9, with hydrogen loading identified 

as the dominant factor driving aniline hydrogenation over Pd/Al2O3 
16. Since this transformation 

represents the primary route to by-product formation, understanding its origin is essential for 

optimizing selectivity in nitrobenzene hydrogenation. Figure 9 schematically illustrates the adsorption 

complexity underpinning these outcomes. Insights from this paper and collective works of the authors 
8,15 presents the following framework:

(i) Nitrobenzene adsorbs on Pd(111) planes via monodentate binding in a vertical or slightly tilted 

orientation, limiting aromatic ring hydrogenation and suppressing nitrobenzene derived by-products.

(ii) In the presence of hydrogen, nitrobenzene predominantly converts to aniline.
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(iii) Aniline can re-adsorb at Pd(100)/support interfacial sites in a parallel orientation, interacting 

through its nitrogen lone pair with Pd and forming H-bonds with adjacent alumina hydroxyls.

(iv) Aniline predominantly adsorbs on type IIa, IIb, and III hydroxyl groups of the alumina support. This 

preference for the inactive support restricts further hydrogenation, explaining the inherent selectivity 

of Pd/Al₂O₃ catalysts for aniline synthesis.

(v) Aniline adsorbed in a parallel orientation at Pd(100)/support interfaces undergoes hydrogenation 

to CHA, enabled by the planar alignment of the aromatic ring with the active Pd surface.

(vi) CHA can re-adsorb vertically on Pd(100) via bidentate binding.

(vii) CHA also resides on type IIa, IIb, and III hydroxyl sites of the alumina support, where strong H-

bonding prevents further transformation to N-cyclohexylcyclohexylaniline (CHAN).

Collectively, these observations reveal a sequence of adsorption and transformation steps that govern 

selectivity: nitrobenzene activation on Pd(111), aniline formation and interfacial hydrogenation on 

Pd(100), and eventual stabilization of CHA on alumina hydroxyls. This interplay between metal and 

support sites explains why Pd/Al₂O₃ catalysts favour aniline synthesis and limit deeper hydrogenation. 

The mechanistic picture presented here provides a foundation for rational catalyst design and 

indicates the suitability of Pd/Al2O3 as a candidate aniline synthesis catalyst.

.

Page 16 of 23Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/9

/2
02

6 
5:

24
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online

DOI: 10.1039/D5FD00169B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fd00169b


17

Figure 9.  Diagram visualising nitrobenzene (NB) adsorption to Pd(111) in a vertical orientation via one Pd-O bond, with subsequent hydrogenation to aniline (ANL), 
parallel aniline adsorption with respect to the metal at the support/Pd(100) interface, , hydrogenation of parallel adsorbed aniline to cyclohexylamine, vertical bidentate CHA 
adsorption on Pd(100) and adsorption of aniline and CHA to the support with no specific geometry identified. The solid grey box represents a non-specific Pd crystallite; the 
hashed box represents the support. Larger arrows for vertical NB hydrogenation to ANL depicts this as the major transformation.
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5. Conclusions

Infrared spectroscopy combined with application of the MSSR, enabled the derivation of a detailed 

structure–activity relationship governing selective aniline synthesis over Pd/Al₂O₃ catalysts. This 

approach demonstrates how catalytic selectivity can be rationalized from fundamental IR principles. 

The key conclusions are as follows:

• Hydroxyl site interactions: Strong negative OH features at 3754, 3728, and 3690 cm⁻¹ confirm 

adsorption of aniline and CHA on type IIa, IIb, and III hydroxyl groups of the γ-Al₂O₃ support.

• Low-coverage adsorption geometry: At ≤0.54(ANL)+13.5(H₂) mmol g(cat)⁻¹, spectra show 

only out-of-plane aniline modes and negative OH features, consistent with parallel adsorption 

at Pd/support interfacial sites.

• CHA formation: Bands at 2934 and 2852 cm⁻¹, assigned to νAS(CH₂) and νS(CH₂), appear at 

exposures ≥1.08(ANL)+27.0(H₂) mmol g(cat)⁻¹, indicating hydrogenation of adsorbed aniline 

to CHA.

• Combined NH₂ deformation features: Enlargement of the broad band near 1650 cm⁻¹ under 

the hydrogen co-feed reflects overlapping δoop(NH₂) (aniline) and δip(NH₂) (CHA) modes, 

indicative of NH₂-mediated binding to Pd surfaces.

• CHA orientation: Enhanced δip(NH₂) intensity relative to out-of-plane CH₂ stretches at low 

coverage indicates vertical CHA adsorption on Pd(100).

• High-coverage behaviour: At exposures of ≥1.13(ANL)+28.4(H₂) mmol g(cat)⁻¹, all aniline 

modes appear alongside intensified OH features, confirming adsorption shifts to alumina 

hydroxyls. CHA modes dominate, indicating CHA stabilization on the support.

• Site differentiation: Peak-area trends and TP-IR confirm CHA occupies additional sites beyond 

those of aniline, including Pd(100) planes, where CHA adsorbs vertically.

• Binding hierarchy: TP-IR establishes the order of adsorption strength: Type III OH (ANL/CHA) 

< Pd(100)/support interface (ANL) < Pd(100) (CHA) < Type IIb OH (ANL/CHA) < Type IIa OH 

(ANL/CHA).

Overall, these findings reveal that hydrogen loading drives CHA formation via interfacial aniline 

hydrogenation, while strong aniline adsorption on alumina hydroxyls limits deeper hydrogenation. 

This mechanistic understanding provides a basis for rational catalyst design.
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