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Abstract

Nano-scale zinc-oxide doped with aluminium ZnO:Al  is  studied by different  techniques

targeting surface changes induced by the conditions at which ZnO:Al is used as support

material in the catalysis of methanol. While it is well established, that a variety of 1H and
27Al resonances can be found by solid-state NMR for this material, it was not clear yet

which signals are related to species located close to the surface of the material and which

to species located in the bulk. To this end, a method is suggested which makes use of a

paramagnetically impregnated material to suppress NMR signals close to particle surface

in the blind-sphere around the paramagnetic metal atoms. It is shown that it is important to

use conditions which guarantee a stable reference system relative to  which it  can be

established whether the coating procedure is conserving the original structure or not. This

method, called  Paramagnetically Assisted Surface Peak Assignment (PASPA), helped to

assign the 1H and 27Al NMR peaks to the bulk and the surface layer defined by the blind-

sphere of the paramagnetic atoms. The assignment results are further corroborated by the

results  from  heteronuclear  27Al{1H}  dipolar  dephasing  experiments,  which  indicate  the

hydrogen atoms are preferentially located in the surface layer and not in the particle core. 
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Introduction

The  heterogeneous  catalyst  Cu/ZnO is  used  for  the  production  of  methanol  by  the

hydrogenation of carbon dioxide[1–4] on an industrial scale with a global production of over

85 million tons in the year 2016.[5] The efficient conversion of the greenhouse gas CO2 to

methanol  is  one  of  the  important  current  scientific  challenges  and  has  triggered  an

intensive search for improving the catalyst.[6] The activity of the catalyst could be increased

significantly by incorporation of a structural promoter, for example Ga3+[7,8], Mg2+[9], and Al3+

ions[10,11] into  the  ZnO  support,[12] of  which  the  system  ZnO:Al  is  the  subject  of  this

contribution. Al is considered an n-dopant to ZnO and thus should increase the electric

conductivity besides.

For a heterogeneous catalyst, materials with high surface area are beneficial. To improve

the catalytic activity a detailed understanding of the bulk and surface structure is required

including a chemical speciation of different environments of the promoter ions. Different

analytical techniques have been used to investigate the incorporation from Al3+ into the

ZnO  support,  including  infrared  spectroscopy[13],  RAMAN  spectroscopy[14],  X-ray

diffraction[15],  photo-luminescence  studies[16],  energy  dispersed  X-ray  spectroscopy[17],

transmission  electron  microscopy[18] and  high-resolution  solid-state  NMR  spectroscopy

(vide infra). 

NMR  being  inherently  quantitative  and  element  specific  provides  information  about

different types of environments and how they change upon different chemical or thermal

treatments of the sample. While the first study by 27Al NMR on ZnO:Al was published in

1997,[19] it  is  questionable if  the study really  was conducted on ZnO:Al  or  rather on a

mixture  of  ZnO and  ZnAl2O4 spinel,[20–22] because  of  the  chosen  synthesis  conditions.

Meanwhile ZnO:Al has been synthesized via different low temperature synthesis routes for

example sol-gel synthesis[23], chemical vapour deposition[24], physical vapor deposition[25] or

the  calcination  of  hydroxycarbonate  precursor  materials,  which  corresponds  to  the

synthesis method of industrial methanol synthesis catalysts.[26] Depending on the synthesis

conditions  used,  different  ZnO  particle  morphologies  such  as  films[27],  rods[28] or

nanoparticles[29] can be obtained. The first  high resolution solid-state  27Al NMR of pure

ZnO:Al samples was performed only in the year 2009. [30] By magic-angle-spinning (MAS)

four  different  aluminium environments  in  ZnO:Al  could  be  resolved  in  27Al  NMR.  The

tentative assignment of the signal at δiso= 82 ppm to a AlZn
•  defect in crystalline ZnO could

be confirmed by application of quantum chemical calculations and a detailed analysis of
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the  spectral  fingerprint  including anisotropic  interactions  as  the chemical  shift  and the

quadrupolar interaction.[31] Because the thermodynamic solubility of Al in ZnO is rather low,

it is required to kinetically “trap” the Al inside ZnO by a low temperature synthesis route

providing a solubility limit of about 1,3 % aluminium relative to zinc.[32] The other 27Al NMR

resonances feature isotropic chemical shift values which indicate, a four-, five- and sixfold

coordination,  respectively,  and  their  width  is  consistent  with  that  of  disordered  or

amorphous compounds.[33,34] However it  is not clear whether these occur as bulk side-

phase, as surface related species or maybe even as a different type of point-defect to

ZnO.  These  27Al  MAS NMR signals  can  also  be  observed  for  Cu/ZnO/Al2O3
[12,35] and

Pd/ZnO/Al2O3
[36,37] catalysts. 

Because Al as an n-dopant should convert ZnO into a metal,[38] it can be expected that

the 27Al NMR resonances are subject to a Knight shift, which is related to the conducting

electrons and for comparison in metallic aluminium is as big as 1640 ppm.[39] Knight shifted
27Al NMR signals are observed for ZnO:Al synthesized in solution under reflux  in a N2

atmosphere[40,41] and after treatment with a reductive gas atmosphere.[31,42]

Aside  from  the  intended  incorporation  of  foreign  ions,  ZnO  exhibits  color  center

defects[43],  oxygen interstitial  sites[44,45] and hydrogen defects[46,47] as  naturally  occurring

defects  at  ambient  conditions.  Even  though  hydrogen  defects  have  been  evidenced

experimentally  by IR[48],  RAMAN[49],  EPR[50] and optical  spectroscopy[51] and have been

studied by quantum chemical calculations,[52,53] it is not clear if the concentration of these

defects is high enough to have any impact on catalytic activity. With respect to solid-state
1H NMR, two different  1H NMR signals, including a fairly sharp signal at ~4.3 ppm, were

observed in ZnO and ZnO:Al, which were claimed to correspond to interstitial H positions

or the particle surface.[54] It could be shown that these could be removed by annealing at

elevated temperatures.[55] What remained unclear in these studies is how humidity and 1H

background in NMR probe head could have explained those observations.  The strong

dominant signals could not be observed for ZnO:Al synthesized from diethylene glycol in a

study  appearing  in  the  same year.[31] In  the  latter  study  evidence  from heteronuclear

dipolar recoupling experiments showed the H content in the crystalline ZnO:Al phase must

be very low, which is inconsistent with the interpretation that a significant amount of H

atoms are present on interstitial positions.

In this contribution we pick up an idea introduced by Schilling et al. in the year 2012. [56] In

order to identify possible atoms near the particle surface, they treated ZnO:Al with an

aqueous manganese(II) acetate solution and recorded spectra before an after treatment.
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The expectation was that Mn(II)  should act as paramagnetic shift  agent and lead to a

broadening of the Al resonance in the direct environment. In fact, remarkable changes in

the spectrum were observed in peak area and lineshape, which was interpreted by the

authors as a confirmation of the previously discussed peak assignments.[31] Even though

the solubility of ZnO in water is low with around 1.6 mg/L, not a high amount of water will

be required for changing the surface of nano-scale materials. So an open question is to

which extent the surface was changed by the treatment especially because the lineshape

of the individual 27Al resonances was not conserved. Another question is how Mn(II) would

modify the corresponding 27Al NMR spectra. Meanwhile, in the year 2016 in the context of

doping-homogeneity-studies, the blind volume/radius around paramagnetic metal atoms

has been determined. The blind-sphere is the volume for which the signal is vanishing in

the dead-time of the NMR spectrometer and can be determined from NMR visibility curves,

i.e. the signal of NMR-active nuclei of the host as a function of the doping concentration. [57–

60] Blind-spheres for 1H and 31P in Mn(doped) hopeite Zn3(PO4)2·4H2O of 10 and 7 Å have

been reported.[60] These values indicate that the idea presented by Schilling et al. [56] may

indeed work and suppress NMR signal from atoms within a surface layer of a few Å.

The  purpose  of this  contribution  is  to  turn  Paramagnetically  Assisted  Surface  Peak

Assignment (PASPA) into a reliable method to identify signals within the surface layer of

nano-scale materials but also to point out problems and potential pitfalls. The possibilities

of the method are demonstrated on ZnO:Al obtained by decomposition of a hydrozincite

precursor.
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Experimental section

Synthesis of the Al-doped Zn5(CO3)2(OH)6 precursor: The co-precipitation of Al-doped

hydrozincite  Zn5(CO3)2(OH)6 was  carried  out  in  an  automatically  stirred  tank  reactor

(OptiMax, Mettler Toledo) from 1 M metal salt nitrate solutions at a temperature of 65 °C

and at a constant pH of 6.5 as described earlier[32]. As precipitating agent, 1.6 M sodium

carbonate solution was used. The dosing rate of metal solution with a given Zn:Al-ratio

was  adjusted  to  4.2 g/min  and  the  precipitation  agent  was  dosed  on  demand  in  a

computer-controlled manner  to  maintain  the pH in  the reactor  at  the desired constant

value. After precipitation, the precipitate was aged for 10 minutes without further pH control

in the mother liquor. The precursor was washed with deionized water 10 times, to reach a

conductivity of the waste water lower than 100 µS/cm and dried at 80 °C over 14 h. The

nominal substitution amount of zinc by aluminium is calculated by eqn. 1 and amounts to

xAl = 0.03 corresponding to 3% of all Zn cations being substituted by Al:

x Al=
nAl

nAl+nZn
                                                                                                                      (1)

Synthesis  of  ZnO:Al:  The  zinc  oxide  was  synthesized  by  calcination  of  grinded

hydrozincite from the co-precipitation synthesis. The calcination was performed in static air

by heating the compound with a ramp of 2 K/min to a temperature of 320 °C and keeping it

there for a duration of 4 h. According to the solubility limit of Al on Zn sites of 1.3%, these

conditions have been shown previously to yield different  Al  species [32] and the sample

represents a suitable starting state for species assignment using PASPA. The calcination

experiments  at  higher  temperatures  were  performed  under  similar  conditions  by  only

varying  the  target  temperature.  The  H2 treated  sample  was  received  by  heating  the

synthesized ZnO:Al to 400 °C for 1 h in a H2/Ar mixture (7 % H2). A pure ZnO synthesized

the  same  way  but  without  Al  was  studied  as  a  benchmark  sample  for  1H  NMR

investigations.

Powder  X-ray  diffraction:  X-ray  diffraction  analysis  of  the  calcined  samples  was

performed on a Bruker D8 advance with Cu-Kα radiation and a LYNXEYE XE-T detector.

The  diffractograms  were  recorded  in  Bragg–Brentano  geometry  at  room  temperature

between 5° and 90° 2θ. Pawley fits were carried out using TOPAS Academic version 6.0 [61]

and the instrumental  line  broadening was described using the fundamental  parameter

approach[62] as implemented in TOPAS and cross-checked against a measurement of LaB6

(NIST SRM 660c). 
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Electron microscopy: The precursors  as well  as  the calcined materials  have been

investigated by scanning (SEM) and transmission electron microscopy (TEM) to evaluate

the particle morphology and size. A spatula tip of the sample was dispersed on a carbon

covered stainless steel pin mount sample holder and the SEM micrographs were taken on

a Zeiss Gemini Ultra Plus with an Oxford EDX detector. For TEM analysis, a FEI Tecnai

F30  G2  STwin  (300  kV,  FEG)  was  used.  A spatula  tip  of  the  ground  samples  was

dispersed in a few drops of n-butanol and prepared on Cu lacey TEM grids.

Impregnation with manganese(II) acetylacetonate: To impregnate a powder of ZnO:Al

(xAl = 0.03) with manganese(II) acetylacetonate, Mn(acac)2, saturated solutions with the

different  solvents  (see  Fig. 2)  were  prepared.  About  4.2 mmol/L  Mn(acac)2 can  be

dissolved in acetonitrile. Of the saturated solution with the paramagnetic agent a volume of

3 ml was mixed with the ZnO:Al powder (0.1 g). After a time of 30 min the solvent was

removed by application of vacuum (3·10−2 mbar) and simultaneous heating to 60 °C for 14

h. Afterwards, the samples were stored and handled inside an Ar glovebox in order to

prevent chemi- and physisorption of water. Solvent blind tests were performed using the

pure solvents but otherwise the same conditions.

Nuclear  Magnetic  Resonance:  1H  and  27Al  solid-state  NMR  experiments  were

performed  at  14.1 T  on  a  Bruker  Avance  Neo  NMR  spectrometer  equipped  with  a

commercial 1.3 mm MAS probe head and a commercial 3.2 mm MAS probe head at a

frequency of 600.2 and 156.4 MHz for 1H and 27Al, respectively. The chemical shift values

of 27Al are reported on a deshielding scale, relative to a solution of 1.1 M Al(NO3)3 in D2O.
[63,64] The 1H resonance of 1 % TMS in CDCl3 served as an external secondary reference

using the  Ξ values for  27Al as reported by IUPAC. The peak areas were determined by

deconvolution  into  mixed  Gaussian/Lorentzian  profile  functions  with  the  program

deconv2Dxy relative to central transition  27Al NMR obtained with soft pulses.[65] The  27Al

{1H} MAS REDOR NMR experiments were performed at 20 kHz spinning frequency using

23.8 kHz nutation frequency for 27Al. The computation of the REDOR curve was performed

using a fortran program (model Fig. S7).[66,67]
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Results and Discussion

The target of this contribution is to show how paramagnetic coating can be used to study

surface layers of nano-scale materials by NMR. To this end first the PASPA method will be

introduced, then it will be shown which requirements need to be met for the application of

PASPA. In the next subchapter it will be explained how PASPA results can be interpreted.

Thereafter the method is applied to nano-scale ZnO:Al. Finally, the results are discussed

and compared to those of other techniques.

Paramagnetically assigned surface peak assignment (PASPA)

PASPA operates on the idea that paramagnetic spin centers suppress the NMR signals

from nuclei near the electronic spin. A measure for the suppressed volume is the blind

sphere rblind. In principle the suppression ratio can be determined from a measurement of

two NMR experiments one with paramagnetic coating and one without, resulting in the

peak  area  Apara and  Aref,  respectively.  A reduction  of  NMR signals  from the  uncoated

compound  Aref is  interpreted  as  paramagnetic  suppression  and  thus  means  that  the

corresponding signal is caused by an environment close to the particle surface.

Fig. 1:  Schematic  representation  of  the  Paramagnetically  Assisted  Surface  Peak  Assignment  (PASPA)
concept,  exhibiting the different  samples required for  a  surface assignment  of  the NMR signals  for  the
example of ZnO:Al. The as made sample is solely treated by vacuum to remove moisture from the surface
layer (“Reference”). For the solvent blind test a sample is first treated by the solvent, followed by a vacuum
treatment in order to characterize the influence of a solvent on the investigated particle (“Solvent blind test”).
Lastly the sample was treated with a paramagnetic metal salt (PM) dissolved in the investigated solvent,
followed by a vacuum treatment (“Paramagnetically impregnated”). The blue spheres represent the blind
spheres of the paramagnetic metal ion.

The difficulty with the PASPA approach is that paramagnetic coating in principle is a

chemical treatment of the original compound and measures have to be taken to make sure
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that  this  treatment  does  not  change  the  object  of  observation.  Chemically  we  have

conducted  the  paramagnetic  impregnation by  applying  a  solution  of  a  paramagnetic

neutral complex (here Mn(acac)2, acac = acetylacetonate) to the original compound. The

solvent  is  afterwards  removed  by  evaporation  at  low  pressure.  To  establish  a  stable

reference compound the reference compound is defined to be the original compound after

treating it in the same way as required for removing the solvent in terms of temperature

and pressure (see below). In order to establish whether the solvent treatment has the

potential to change the material under investigation it is necessary to perform a  solvent

blind test of a solvent treatment without paramagnetic agent. A suitable solvent system

must leave the reference compound unchanged, i.e. the NMR spectrum must not change.

The advantage of such a protocol (Fig. 1) is that the interpretation of suppression ratio Rsup

= (Aref-Apara)/Aref obtained by the PASPA experiment is simple.

Requirements for PASPA

A necessary condition of the PASPA experiment is that the paramagnetic impregnation

does not change the original compound. Potentially both the choice of the paramagnetic

agent and the solvent required for paramagnetic impregnation can react with the particle

surface. To avoid reactions here we have chosen a stable neutral complex, but in principle

it could be interesting to even make use of charge to test the preference of surfaces to

negatively and positively charged paramagnetic agents. A stable complex like Mn(acac)2

makes it unlikely that REDOX chemistry is taking place. More critical in our opinion is the

choice of the solvent. When the idea of paramagnetic impregnation was brought up, Mn2+

in water[56] was used. As can be seen from solvent blind test, water does change the 27Al

MAS NMR spectrum both in intensities of the peaks and even their lineshape of ZnO:Al

which indicates that water is not an "innocent" solvent (Fig. 2). The choice of the solvent

clearly  depends  on  the  sample  under  investigation  and  needs  to  be  tested.  For  the

compound here, ZnO:Al, the solvent acetonitrile appears to be an ideal choice (Fig. 2) as

the spectrum of the solvent blind test and the reference compound are almost identical,

while water and ethylacetate would produce misleading results.
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Fig. 2:  1H decoupled  27Al  MAS NMR stackplot  of  ZnO:Al  with  xAl =  0.03  recorded with  20 kHz rotation
frequency, comparing the reference sample (black line) to solvent blind test treated samples (red dotted line).
The corresponding solvents used are listed above the spectra.

Interpretation of PASPA results

What can be learned from PASPA experiments? The meaning of a non-zero suppression

ratio Rsup = (Aref-Apara)/Aref for a peak is straight forward and indicates that the corresponding

atoms are at least partially in the blind sphere of the paramagnetic agent, that is they are

located close to the surface of a particle. Species exclusively covering the surface would

yield  a  suppression  ratio  Rsup of  100%  if  a  full  coverage  of  the  surface  with  the

paramagnetic agent is achieved. Nevertheless, care should be taken in the interpretation

of a low or zero suppression ratio Rsup, given that quantitative MAS NMR measured even

against internal standards does have errors of a few percent.[68]

Often, from other techniques (see below) the compound morphology of a nano-scale

material is known. If it is assumed, that atoms giving rise to a peak are homogeneously

distributed  through  the  bulk  of  a  nano-scale  material,  then  it  is  possible  to  predict

suppression ratios. For spherical particles, the expected suppression ratio Rsup is a simple

function of the particle radius rparticle.

Rsup
sphere≈1−

( r particle−r blind )3

r particle
3                                                                                                                   (2)

For  needle  like  structures  assuming  infinite  length  and  a  needle  radius  rneedle,  the

expected suppression ratio Rsup takes a different form.

Rsup
needle≈1−

(r needle−r blind )2

rneedle
2                                                                                                                    (3)

For disc like structures assuming infinite disc radius and assuming that both sides are

covered by the paramagnetic agent, the expected suppression ratio Rsup is a linear function

of the disc thickness ddisc.

9

100 60 20 ppmδ/ 100 60 20 ppmδ/ 100 60 20 ppmδ/ 100 60 20 ppmδ/ 100 60 20 ppmδ/

Water
Reference

Methanol
Reference

Ethanol
Reference

Ethylacetate
Reference

Acetonitrile
Reference

https://doi.org/10.26434/chemrxiv-2024-bqh4x ORCID: https://orcid.org/0000-0003-2294-796X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-bqh4x
https://orcid.org/0000-0003-2294-796X
https://creativecommons.org/licenses/by-nc-nd/4.0/


Rsup
disc≈1−

ddisc−2 ⋅rblind
ddisc

                                                                                                                       (4)

Given the standard -error of the peak area amounts to 3.3% and given the blind sphere

amounts to 1 nm, then it can be concluded that PASPA would allow to identify surface-

related  peaks  for  spherical  nano-particles  up  to  a  particle  radius  of  about  28 nm,  for

needle-like structure up to a needle radius of about 19 nm and for disc-like structures up to

a disc thickness of about 20 nm with a three sigma criterion. For bigger structures the

relative amount of the surface layer becomes too small to be unambiguously detectable

from the normal fluctuation of the NMR signal (see Fig. 3).
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Fig. 3: Plot depicting the effect of the sample size rsample onto the expected suppression ratio Rsup of a PASPA
experiment for a spherical particle (black line), an infinitely long needle (light gray line) and disc with an
infinite radius (gray line) which is paramagnetically impregnated from both sides. A blind sphere of 1 nm is
assumed.  The  NMR detected  nucleus  is  supposed  to  have  a  constant  number  density  throughout  the
particle. For the case of the spherical particle rsample corresponds to particle radius rparticle, for the needle rsample

corresponds to the radius of the needle rneedle, and for the case of a disc rsample corresponds to the thickness of
the disc ddisc. The curves have been computed with the corresponding equations 2-4.

In a similar way, conditions can be derived to investigate if the measured suppression

ratio of a specific peak is consistent with the corresponding atoms not being at the surface,

meaning that the suppression ratio Rsup would be 0 within error limits. What needs further

work (not  part  of  this contribution)  is  to determine the blind-sphere of  a paramagnetic

agent experimentally in more detail and to reduce the error limits of the quantitative NMR

results.

Morphology of ZnO:Al obtained from hydrozincite

For  catalysts  the  surface  area  and  accessibility  of  it  is  of  high  importance.  The

morphology  of  the  ZnO:Al  material  presented  in  this  study  which  was  obtained  by

decomposition of an aluminium doped hydrozincite is well studied by X-ray diffraction and

electron  microscopy.  The  precipitation  of  hydrozincite  yields  a  material  which  in  the

scanning electron microscope shows a “broccoli”-like appearance with lobes of a few μm

diameter (Fig. 4). The individual lobes consist of intergrown platelets with a thickness of

about  ~10 nm. So the lobes of  the hydrozincite structure mostly  consist  of  free space

between solid-platelets, which corresponds to a high surface area and porosity. From this

material ZnO:Al is formed by a thermal decomposition process. The product in SEM gives

the same “broccoli”-like appearance with lobes of a few μm diameter (Fig. 4) and in SEM it

looks like the platelet like structure is conserved besides (Fig. 4). The SEM results thus

indicate, that the high surface area of both hydrozincite and of the ZnO:Al formed from it
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can  be  explained  by  a  conservation  of  the  particle  morphology,  which  in  a  first

approximation can be described by platelets of about 10 nm thickness, which indicates

that during the process of formation Al atoms can only be transported over short distances

of a few  nm because otherwise Al would have to be transported through the gas phase

which at the low temperatures is unlikely. Heterogeneities on a nm scale of about 10 nm,

related to the presence of a minor amount zaccagnite, are thus expected to be a result of

the  initial  precipitation  process  and  not  of  the  thermal  decomposition  process  of

hydrozincite.

 Fig. 4:  SEM images of hydrozincite (upper row) and the ZnO:Al (lower row) with xAl = 0.03, exhibiting the
platelet-morphology of hydrozincite and ZnO:Al. The larger platelets observed in both materials correspond
to zaccagnaite which appears for aluminium concentrations above the kinetic solubility limit of the precursor.
[32]

To evaluate, which of the previously mentioned morphologies - spheres, disc/platelets or

needles - should be considered for the discussion of the  27Al PASPA NMR experiments,

the  ZnO:Al  materials  were  further  characterized  by  transmission  electron  microscopy

(TEM) and powder  X-ray diffraction (PXRD).  TEM images were done ZnO:Al  material

(Fig. 5).  In  the scanning TEM (STEM) image (Fig. 5  top)  the granular  structure of  the

individual plates is observed, which is in agreement with a model where ZnO particles are

growing  within  the  decomposing  hydrozincite  platelets.  The  high  resolution  (HRTEM)

micrographs (Fig. 5 bottom) represent the crystal lattice of ZnO:Al particles due to its very

low thickness in the range of  the 10 nm seen in the SEM. A porosity in the former platelets

can be observed also in the range of 10 nm.
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Fig. 5: TEM images of ZnO:Al with xAl = 0.03, showing an overview (top) of several platelets in topview as

well as in cross section consisting of small grains of ZnO:Al, and HRTEM micrograph of ZnO:Al crystals

(bottom) with xAl = 0.03, showing the crystalline order within these grains.

An analysis of the powder X-ray diffraction pattern results in crystallite sizes of 10.09 ±

0.15 nm for  the  h00 and 15.9 ± 1.5 nm for  the 00l reflections assuming no significant

contribution by defects or strain with a resulting aspect ratio of 1.57. These findings are in

accordance to the observation in the TEM.

BET analysis of gas sorption data[32] showed an increase in specific surface area from

14 m2 g-1 for the hydrozincite material to more than 65 m2 g-1 for ZnO:Al in agreement with
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the development of porosity as observed in SEM and TEM. BHJ analysis resulted in a

pore volume of 27 cm3 g-1 and a sharp maximum of the pore size distribution at around

10 nm. This value is close to the estimated size of the primary particles and points to inter-

particle pores between these as main contributors to the pore volume, i. e.  the pores of

these fairly isotropic primary particles should be accessible to impregnation. Their size can

be estimated to be 16 nm based on the BET-detected surface area assuming the bulk

density of zinc oxide and spherical, non-porous primary particles. The estimated diameter

is  in  reasonable  agreement  with  the  results  from  TEM  and  with  the  crystallize  size

determined by PXRD.
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27Al PASPA on ZnO:Al

Given the promising results of Schilling et al.,[56] it was interesting to see if their results

could  be  confirmed  with  the  PASPA scheme  and  choosing  an  innocent  solvent,  i.e.

acetonitrile. If the conditions described above are met, rigorous conclusions can be drawn

from PASPA experiments  based on statistical  arguments  as demonstrated below.  This

requires an indirect argumentation by rejecting specific structural models. In the following

PASPA will be used to elucidate whether bare ZnO particles are present or particles with a

crystalline core and an amorphous shell.

The  27Al  MAS NMR spectrum (Fig. 6)  exhibits  four  different  aluminium environments

present inside the ZnO:Al samples: A well-defined aluminium environment corresponding

to the δobs= 82 ppm 27Al MAS NMR signal, resulting from aluminium on a zinc position in

the ZnO crystal lattice  AlZn
•  and 4-fold (AlO4), 5-fold (AlO5) and 6-fold (AlO6) coordinated

aluminium  species  in  disordered/amorphous  environments,  observed  at  δobs=  75 ppm,

δobs= 47 ppm and δobs= 12 ppm, respectively.

What is interesting, is that the as-made compound and the PASPA reference compound

do not have the same lineshape (Fig. 6). The main difference is a vacuum treatment under

slightly elevated temperatures which means that a likely explanation is that re-adsorbed

water H2O was evaporated from the compound. If this treatment causes a condensation of

hydroxyl functions of Zn-O-H or Al-O-H, then no change in the coordination number of Al

would  be expected.  However,  what  is  observed is  a  significant  decrease of  the  peak

associated to AlO6 while the peak of AlO5 increases and the peak of AlO4 even more. The

only explanation for this behavior is that H2O at least partially acts as a ligand of the Al

atoms.

The  paramagnetically  impregnated  sample  exhibits  a  reduction  in  intensity  for  the

disordered AlO4, AlO5 and AlO6 peaks, while the signal for the AlZn
•  defect remains almost

unchanged (Fig. S1). This corresponds to suppression ratios Rsup of 0.29, 0.47, 0.41 and

0.04  for  peaks  for  the  disordered  AlO4,  AlO5 AlO6 environments  and  the  AlZn
•  peak

calculated from the peak area per mass ratio of sample ratio, respectively. The error of the

suppression  ratio  0.056  is  estimated  from  the  variation  between  reference  and  blind

measurement  and  in  good  agreement  with  errors  using  an  external  standard  for

quantification.[68]

Moreover,  the  success  of  the  paramagnetic  impregnation  is  further  observed  in  a

reduction  of  the  T1 relaxation  time  of  the  AlZn
•  species  from  3.5 s  of  the  reference
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compound to 0.88 s for the paramagnetically impregnated sample, i. e. the paramagnetic

agent acts as a relaxation enhancer.

For  the  interpretation  of  the  suppression  ratios  Rsup the  results  about  the  particle

morphology are required. The suppression ratio for the disordered environments is much

lower than what can be explained by statistical errors and thus these signals can clearly be

identified  as  surface  related  peaks.  The  suppression  ratio  Rsup of  0.04  for  the  AlZn
•

environment can be compared with the theoretical ratio  Rsup of spherical particles. The

lowest  value  for  the  suppression  ratio  Rsup for  bare  ZnO  spherical  particles  is  18%

assuming the biggest estimate for the particle diameter of 16 nm and assuming a reduced

blind sphere radius of only 0.5 nm. This conservative guess is more than 2σ away from the

experimental value. More likely estimates suggest even higher suppression ratios. Thus,

structure models based on bare ZnO particles can be rejected. 27Al PASPA provides strong

evidence for a surface layer of the aluminium side phases on the ZnO:Al particles, which

explains the hardly measurable signal suppression of the peak for the AlZn
•  environment.

This conclusion is independent of the presence of a small impurity of zaccagnite in the as-

made material which possibly could have consumed a portion of the Al doping. A likely

scenario is that a heavily disordered or amorphous layer including the disordered AlO4,

AlO5, AlO6 environments covered the ZnO particles.

Fig. 6:  1H decoupled  27Al  MAS NMR stackplot  of  ZnO:Al  with  xAl =  0.03  recorded with  20 kHz rotation
frequency, comparing the as-made sample (purple, dotted spectrum) to the reference sample (black, solid
spectrum), the acetonitrile blind test sample (red, dashed spectrum) and the paramagnetically impregnated

sample (blue, dashed spectrum). The asterisks correspond to spinning sidebands of the  AlZn
•

 resonance.

The low suppression ratio Rsup for the AlZn
•

 environment can directly be seen in the good superposition of the

peaks of the reference and the paramagnetically impregnated compound in the spinning sidebands.
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1H PASPA on ZnO:Al

In the 1H MAS NMR spectra two different signals could be resolved, one sharp at δiso=

4.3 ppm and a broad signal at around δiso= 2 ppm (Fig. 7) for the as-made ZnO:Al material.

In the vacuum treated reference sample, the sharp 1H MAS NMR peak has vanished. For

pure  ZnO  at  various  hydration  stages  similar  signals  could  be  observed.[26] These

observations are consistent with a peak assignment of the sharp peak at 4.3 ppm to water

which  has  a  high  degree  of  mobility  on  the  NMR  timescale.  The  mobility  of  water

molecules for example in a physisorbed state would explain the sharp line-shape lacking

MAS spinning sidebands because of the averaging of the 1H-1H dipole-dipole coupling and

the removal of dipolar broadening.

Protons  from the  molecules  of  this  physisorbed  water  are  expected  to  be  in  rapid

exchange with hydroxyl groups of the type Zn-O-H or Al-O-H, which are assigned to the

broad signal at 2 ppm. This effect leads to a small shift of the water peak and reduces the

signals of hydroxyl functions. Besides chemisorbed water molecules are expected to act

as ligands to six-fold and five-fold coordinated Al atoms, as explained in the discussion of

the 27Al MAS NMR spectra. When the surface related water is removed, the protons of the

hydroxyl functions, which had been in rapid exchange with mobile water before, can be

resolved  and  give  rise  to  a  well  distinguishable  signal.  This  mechanism explains  the

increase of peak area and the change of the line-shape of the OH signal at 2 ppm for the

vacuum-treated  reference  compound  (Fig. 7).  The  loss  of  mobility  is  qualitatively  in

agreement with an increase of the 1H NMR T1 relaxation times from around 300 ms for the

as-made compound to over 600 ms for the reference compound. The observed reduction

of the Al coordination number with desorption of H2O ligands points to the formation of

Lewis acidic Al sites at the surface of ZnO:Al by mild thermal activation.[32]

The presented interpretation is further corroborated by the absence of the mobile H2O

signal in a 1H 2D double-quantum single-quantum correlation spectrum, which requires a

non-zero  1H-1H dipole-dipole interaction (Fig. S2)  for  a signal  to  form,  while  the broad

signal shows strong autocorrelation signals. Moreover, the interpretation is corroborated by
27Al{1H} REDOR experiments, which are in more detail discussed in the next subchapter.

1H PASPA was performed to assign the peaks to the surface and bulk. The  1H NMR

signal  at  2 ppm features a high suppression ratios  Rsup of  77%, which means both  1H

signals  are  surface related.  This  result  clearly  rules  out  that  1H atoms mostly  occupy

interstitial positions in the bulk of the ZnO particles. 
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What may be irritating, is that the suppression ratio in 1H PASPA for the hydroxyl signal is

significantly higher than that for the 27Al peaks from disordered environments observed by
27Al PASPA, even though the signals come from the same “phase” as can be seen from

the correlation signals in a 27Al{1H} HETCOR experiment (Fig. S3). This can be explained

by the 1H blind-sphere being bigger than that for 27Al, because the blind sphere scales with

the cubic root  of  gyromagnetic  ratio  of  the suppressed nucleus for  otherwise identical

conditions.[60] Thus the same paramagnetic agent is expected to penetrate deeper into the

particle surface in  1H PASPA than in  27Al PASPA. A detailed discussion of  the surface

structure is presented in the next paragraph.

Fig. 7: 1H MAS NMR stackplot of ZnO:Al with xAl = 0.03 recorded with 20 kHz rotation frequency, comparing
the as-made sample (purple,  dotted spectrum) to the reference sample (black,  solid spectrum) and the
paramagnetically impregnated sample (blue, dashed spectrum).

A model of nano-scale ZnO:Al from hydrozincite

With the help of 1H and 27Al PASPA, the ZnO:Al particles can be divided into two different

regions (Fig. 9). One is the crystalline core of ZnO in which the aluminium species with the

AlZn
•  environment is present. The other region is the disordered surface layer, to which

H2O, hydroxyl functions, as well as the AlO6, AlO5 and AlO4 environments were assigned.

With  the help  of  the  1H PASPA experiment,  the H2O molecules were assigned to  the

surface,  as  the  corresponding  1H NMR signal  is  removed by  vacuum treatment.  This

observation was further tested, by annealing a ZnO:Al sample under argon followed by

exposure to air (see Fig. S4), which shows that dehydration of the surface is reversible.

A still open question is the presence of H-defects in bulk ZnO as suggested in an earlier

paper.[54,55] So far it could be shown that all 1H peaks do have surface relation, but it cannot

be rejected that by coincidence a  1H signal with a 2 ppm shift could be found below. A

powerful  tool  to investigate the presence of  different types defects in nano-particles is

REDOR,[66] because the REDOR effect is dependent on two different kinds of isotopes and

their  distance,  here  1H and  27Al.  For  the  REDOR effect  it  is  possible  to  describe  the

influence of thousands of spins efficiently by analytical functions. Because the morphology

of the ZnO particles is well studied, it is possible to build a model with an OH surface

termination  as  approximation  for  the  disordered  surface  layer.  A  comparison  of
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experimental  and  computed  27Al{1H}  REDOR  curves  can  provide  information  about

eventually present H point defects in ZnO and 27Al randomly substituting Zn atoms.

The 27Al{1H} REDOR curves of the different 27Al signals have been determined for the as-

made  ZnO:Al  material  and  the  vacuum  treated  materials  (Fig. S5,  Fig. S6),  which

qualitatively look similar. The strongest REDOR effect, i.e. quickest rise, can be found for

the AlO6 species, which indicates that the effective dipolar coupling between 27Al and 1H for

this  peak is  the highest,  which is  in  excellent  agreement  with  the claim that  the AlO6

species has a strong affinity to the water molecules. The REDOR effect for the AlO4 and

AlO5 in disordered environments is clearly present but weaker. The weakest, almost non-

existent,  REDOR  effect  can  be  found  for  the  AlZn
•  signal,  which  directly  refutes  the

presence of  H point  defects in  bulk  ZnO. The computed curve as explained above is

shown  for  comparison  in  Fig. 8.  It  qualitatively  shows  a  stronger  interaction  for  AlZn
•

species  positioned  inside  the  ZnO  particles  with  1H  spin  at  the  surface  which  was

generated by terminating the ZnO particle with OH functions.  This is  evidence for  the

AlO4/5/6 atoms to be part of a surface layer on ZnO, with degrading H concentration which

puts  an extra  distance between the core  AlZn
•  atoms and the surface related protons.

Besides the strength of the REDOR effect, the level to which the dephasing proceeds is

relevant. In principle for a pure compound, which contains both 1H and 27Al, the REDOR

signal must dephase to 100%. While this is the case for the AlO6 signal, this is not the case

for the AlO4 and AlO5 signals of the disordered environments, which indicates that those

are at least partially in the hydrogen-depleted interlayer between bulk ZnO and the top

surface which hosts the AlO6 signal.
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Fig. 8: Computed 27Al {1H} REDOR NMR curve (black line) using the universal dephasing scale [69,70] of the

AlZn
•  species of  a  10x10x14.5  supercell  particle,  having  the  particle  surface  covered  by  a  mono  layer

hydrogen atoms in form of hydroxyl groups. The computed structure [Zn54900O54899(OH)4561]4559− is shown in the

Fig. S7. All  positions are assumed to be randomly substituted by  27Al. The Fortran program “Glamor”[67],

which was used, implements an analytical formula for the multispin REDOR curve as described in reference

[66]. The black dots correspond to the measured 27Al {1H} REDOR NMR curve of the AlZn
•  signal in ZnO:Al with

xAl = 0.03. The error bars have been derived as described in reference [70].

Fig. 9:  Schematic representation of a ZnO:Al particle, consisting of 2 regions: the surface layer and the
particle core. The particle core consists of crystalline ZnO, where aluminium can be doped on a zinc position.
In this region no hydrogen species are present. In the surface layer region the different disordered aluminium
species as well as H2O and hydroxyl groups are located. The upper left structure describes the model for an
AlO6 species, which is coordinated by the lone pair of a H2O molecule located at the imminent surface. The
upper left describes a scheme for the desorption of an AlO6 coordinating H2O under the formation of five-fold
coordinated aluminium.
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Conclusions

In this contribution a method to achieve a chemical speciation of surface related atoms in

nano-scale materials is introduced which combines paramagnetic impregnation of nano-

scale  materials  to  identify  the  surface  NMR  signals.  In  combination  with  morphology

information from electron microscopy and diffraction this becomes a powerful technique to

unambiguously distinguish coated from uncoated nano-particles as demonstrated here on

ZnO:Al,  for  which  the  presence  of  Lewis  acidic  Al  sites,  which  can  be  activated  by

dehydration, could be shown.
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